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IMPORTANT NOTICE 


Course 74 contains three large schematics. They are located directly below 
this instruction sheet. These schematics are: Figure 21 (page 32A) of Lesson 
7425, and Figures 2-4 (page 46A) and 2-12 (page 58A) of Lesson 7445. You can 
take these schematics out of this volume and place them alongside the text 
material as you study those circuits. 


After you have finished studying the material in this volume, you may wish to 
file the schematics with the lessons to which they refer. To make this easy, 
each schematic has the lesson name near the upper right-hand edge of the 
sheet and the lesson and page numbers in the lower left-hand corner. 
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No student knows his subject: 
the most he knows is where and 
how to find out the things he 
does not know. 

— Woodrow Wilson 


LINEAR INTEGRATED CIRCUITS 


Integrated circuits have become quite important in electronic circuit design. 
Their earliest applications were in the computer industry, where they 
permitted miniaturization which is not possible with discrete components. 
IC’s are now being used in increasing numbers in all types of electronic 
equipment. 


The most obvious advantage of an integrated circuit is its small size 
compared to that of an equivalent circuit made up of discrete components. 
However, integrated circuits | provide two additional advantages. which 
account for much of their popularity. One is reliability, due to the long, 
troublesTfee Service iuhe reat 12 aval teeene the other is economy—= 
although the initial cost of designing and fabricating an [C is" high, mass 


production can bring the cost below that of a comparable discrete com- 
ponent circuit. 


cntegrate’ circuits are e classed as BS are essentially “switching” Ci to the heir mode of 


CIRCUITS, the Se eae signals vary in proportion to the quaniees they 
represent. That is, the electrical signals are “analogous” to the physical 
quantities. 


Analog circuits are also referred t d_to_as LINEAR CIRCUITS. A simple 


example of an analog or linear circuit is a phonograph amplifier, in which 
electrical signals vary in proportion to the sounds that were originally 
recorded. Oscillators, modulators and other circuits that produce or process 
analog information are all considered to be linear circuits. 


In this lesson we will investigate the methods of producing linear circuits in 
integrated circuit form. We will consider the basic properties of linear 
integrated circuits and see how linear IC’s are used in typical applications. 


THE NATURE OF LINEAR 
INTEGRATED CIRCUITS 


An integrated circuit is a combination of active elements (transistors and 
diodes) and passive elements (resistors and capacitors) fabricated on a 
semiconductor “chip.” Most linear IC’s .’s are produced by the MONOLITHIC 
PROCESS. In this process, all active and passive elements are formed on or 
within the single piece of semiconductor material, usually silicon. The 
fabrication process itself is simply an extension of the process used to 
fabricate silicon bipolar junction transistors. 
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metallization pro rocess. The monolithic process is CET “because a ie 
number of identical “chips” can be produced on a single wafer of semicon- 
ductor material. The chips are separated to form the individual circuits, 
which are then supplied in chip form or sealed in protective cases. 


The monolithic process has certain desirable features in addition to econo- 
my. Because like elements are formed simultaneously, they have almost 
identical characteristics. Also, because these elements are formed very close 
to each other in a single piece of material, the thermal characteristics are 
almost perfectly matched. 


A limitation of the monolithic process is the inability to form the large values 


of resistance and capacitance required in in many linear circuit applications. Bris 


There is no practical method of forming large \ values c of inductance, or of 
producing transformers in integrated form. If these elements aré required; 
external discrete components are connected to the terminals of the integrat- 


ed circuit. 


The need to avoid inductive components and to work with limited values of 
resistance and capacitance has led IC manufacturers to adopt design 
practices not generally used with conventional circuitry. In conventional 
circuit design, it is customary to minimize the number of passive and active 
(especially active) components because cost is determined largely by the 
number of parts used. In IC design, there is a greater tendency to use 
somewhat_large. combinations.of. transistors | and ‘diodes. In fact, a linear IC 
may contain 8 or 10 transistors connected in various ways to achieve the 
same result as would be obtained with a single transistor in a discrete circuit. 
This is economically feasible with IC chips because the method of fabrica- 
tion allows several components to be “‘built”’ with the same ease as a single 
component. Additional transistors can be added to the chip for a cost of less 
than a penny for each extra transistor. 


When push-pull and other forms of “matched” stages are used in discrete 
circuitry, it is generally at a penalty of increased cost. This is true because 
the transistors and other components must be sorted from stock to find 
matched pairs. Even then, matching is not always as good as desired. 
However, when transistors are formed on a single monolithic chip, all the 
base regions are formed in one set of operations, all emitter regions in 
another set of operations and all collector regions in another set of 
operations. The resultant transistors have very closely matched characteris- 
tics. 


Although it is hard to achieve close tolerances on the absolute values of 
passive components, the ratios of these values can easily be held to 5% or 
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less. Thus, integrated circuit technology lends itself readily to circuits whose 
characteristics depend on ratios rather than absolute values, particularly for 
symmetrical stages and networks. 


BASIC LINEAR CIRCUIT 
ARRANGEMENTS 


The design philosophies just considered have led to certain basic circuit 
arrangements that are encountered again and again in linear integrated 
circuits. Two of these circuits, the cascode amplifier and the differential 
amplifier, are manufactured as individual integrated circuits and, particularly 
the differential amplifier, are used as “building blocks” for more elaborate 
circuits. 


Cascode Amplifiers 


The CASCOD ~consisting of a two-stage pair of direct- 


coupled common-emitter and common-base transistors, is a rs, is a popular eler element 
in linear sieeve The cascode circuit has_basically the. same 


input and Output Characteristics asa a common-emitter_an amplifier, but. it is 
capable of providing higher gain and is _ “and is inherently more stable. Because of 


these characteristics the circuit is ideally-suited for high-frequency applica- 
tions. This circuit is not encountered very often in discrete circuitry because 
of the large number of resistors and capacitors required to provide bias and 
prevent undesirable feedback. Figure 1 shows a discrete cascode stage. 
Resistors R,, R,, R; and R, form a bias network for Q, and Q,. C, and C, 
provide ac signal ground paths from the Q, emitter and Q, base, respective- 
ly. Figure 2 shows the simplification achieved by fabricating the cascode 
stage on an IC chip. Bias on Q, and Q, is provided by the combination of R,, 
R, and the diodes. The diodes also provide thermal stability because their 
thermal characteristics closely match the junction characteristics of the 
transistors. If the operating points of the transistors start to drift, the change 
in current through the diodes tends to negate this drift. The cascode 
configuration has become one of the “‘standards” of linear IC technology 
because of its simplicity and high stability. 


Commercial IC’s using the cascode arrangement are usually a little more 
complex than the basic circuit of Figure 2. This circuit does not offer much 
flexibility—it simply provides an input and an output, with fixed operating 
characteristics. It also leaves a lot of wasted space on the chip. A more 
representative example of the IC cascode amplifier is shown in Figure 3. 


In this circuit, Q, and Q, form the cascode common-emitter and common- 
base amplifier, biased through resistor Rg and three series diodes. The 
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Figure 3 


forward biased diodes have very low impedance to ac signals and they 
provide the common base connection for Q,. Negative feedback is provided 
through Q, to stabilize the transistor operating points. This makes the circuit 
extremely stable, and also allows circuit gain adjustment by controlling the 
base voltage of Q,. This is done with an external dc voltage at terminal 10. 
eae evan to provide AUTOMATIC GAIN CONTROL (AGC) are 
made throug éfminal 1. This permits an external feedback signal or the 
signal from some control circuit to be used to regulate the gain of the 
amplifier. The other terminals (aside from the input, output, supply and 
ground points) are provided so that the user may make external connections 
and modify the operation of the circuit. For example, pin 2 or pin 3 can be 
shorted to pin 5 to change the gain of the circuit. Providing extra terminals to 
change the circuit configuration permits a given IC type to be used in a 
variety of circuit arrangements. This is a common feature of most IC’s, 
which lowers their cost by allowing manufacturers to provide large quanti- 
ties of fewer types to be used in many different applications. This greatly 
reduces the high tooling costs that are required prior to producing each type 
or ic. 


In keeping with the IC design philosophy stated earlier, the circuit_is 
arranged so that the voltage gains obtained depend on resistance ratios 


rather than-absolute resist values,.The input characteristics are essen- 
. ai rae Cray teeesener weseenens Se es Sie Ea ee 
tially those of a single stage common-emitter transistor amplifier. The output 


on en rennet pon nana 


characteristics are those of a single stage co =basé amplifier. / 


Differential Amplifiers 


The ‘‘workhorse”’ of li i ed_ circuitry is the DIFFERENTIAL 
AM IER. As shown by the simplified diagram of Figure 4A, the basic 


differential amplifier consists of two transistors and their collector load 
resistors which form two legs of a bridge. Each transistor serves as a 
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Figure 


common-emitter amplifier, with the two sharing a single emitter resistor. 
Input terminals are provided for the base of each transistor. Output 
terminals are provided at the collectors of the transistors. 


Emitter resistor R; carries the collector currents of both transistors. If its 
resistance value is sufficiently large, Ry serves as a constant current source. 
That is, it tends to maintain a constant current between the negative supply 
terminal and the emitters of Q, and Q,. If the collector current of one 
transistor increases, the collector current of the other will decrease by the 
same amount to maintain the constant current through Rg. 


Assuming that the transistors and the collector load resistors are perfectly 
matched, with no input signals on the bases, there will be equal collector 
currents in the two legs of the bridge. If the output is taken between the two 
collector terminals, there is zero output voltage. If signals of equal amplitude 
and polarity are applied to both sets of input terminals, the collector currents 
and collector voltages remain equal, and the output remains zero. Thus, for 
equal inputs to the differential amplifier, the differential output voltage 
(collector-to-collector) is zero. This type of operation is referred to as 
COMMON MODE OPERATION. 


If, however, a signal is applied BETWEEN the two input terminals as shown 
in Figure 4B, one base is driven positive and the other is driven negative. If 
the Q, base is driven positive and the Q, base negative, Q, collector current 
increases and Q, collector current decreases. As a result, Q, collector 
voltage decreases and Q, collector voltage increases. This produces a 
voltage difference between the output terminals, with the one at Q, more 
positive. 


If the Q, base is driven negative and the Q, base positive, opposite 
conditions occur, and the resultant output is more positive at the Q, collector 
end. Thus, an output voltage appears only when there is a difference of 


potential between the two inputs. This mode of operation is referred to as 


DIFFERENTIAL MODE OPERATION. The ratio-of-the-differential output _ 


voltage to the differential input voltage is referred to as the DIFFERENTIAL ~ 


VOLTAGE GAIN (A,) of the amplifier. i ea 


sie aoe EE ONE SE ———T 


The differential amplifier is a versatile circuit. In the operation just de- 
scribed, the amplifier provides a differential output in response to a 
differential input. This operation can be modified by connecting one of the | 
input terminals toa reference voltage (or to ground) and applying a signal to 


ee AC i pete 
errr ns 


and the. reference p RENIN Teen 
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The IC differential amplifier chip can also be used as a simple inverting or 
noninverting amplifier by applying a signal between one of its input 
terminals and ground, and taking the output between the appropriate output 
terminal and ground. As an example, with an input applied between the Q, 
base and ground, and the output taken between the Q, collector and ground, 
the circuit provides inverter operation. With the input at the Q, base and the 
output at the Q, collector, the circuit functions as a noninverting amplifier. 


The bulk of the IC chip, called the substrate, is the portion that holds the_ 


component regions, ” The substrate i is usually | connected to circuit ‘ground. | 


Common mode operation of a differential amplifier provides an important 
advantage in many applications. Undesired signals such as noise and other 
forms of interference tend to be injected with equal amplitude and polarity 
into both inputs. Because equal common mode input signals produce zero 
output, the differential amplifier is quite effective in rejecting undesired 
signals. 


d In practice, slight variations in component values prevent complete rejection 


of common mode signals. The ratio of common mode_o e to 


common mode in ON MODE VOLTAGE 
GAIN (A,). This gain is usually far less than 1. The ratio of common mode 


voltage gain to differential mode voltage gain is. the ‘COMMON ~MODE — 


REJECTION RATI RATIO (CMRR) of the amplifier, expressed in decibels. 


Typical CMRR- Tatings are —80 to —120 dB. That is, undesired common 
mode signal outputs are 80 to 120 dB below the desired output. 


A more practical version of a differential amplifier is shown in Figure 5. In p eecay eo 
this circuit, emitter resistor R; has been replaced by transistor Q, and its bias sole 
resistors. Transistor Q, serves as a constant current source. The constant 
voltage drop across the diodes holds the Q, base-emitter junction at a 


constant potential. This keeps Q, collector current constant. Because a nga REO Re. oe 
constant current source has a high impedance, the Q, and Q, emitters are Voc 
therefore connected to a high impedance source. However, transistor Q, 

does not limit total Q, and Q, emitter current as would a high value resistor Figure 

in this position. SD 


Mismatches between the components in the two “halves” of a differential 
amplifier can cause slight output signal distortions when the IC is used as a 
differential mode amplifier. These mismatches also prevent the circuit from 
completely rejecting unwanted common mode input signals, and they 
introduce errors when the circuit is used as a voltage comparator. This _ 
mismatch causes a voltage to be produced at the output even when no input — 
signal 1 is applied, and nd this s Output Is ca led the OU 


a sunmeieeteeemees 
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Two types of quantities are specified for differential amplifiers to compen- 


sate. The INPUT OFFSET VOLTAGE is the difference 
in base-emitter voltages (input voltages) required to produce equal collector—. 


voltages for the two transistors. This value is typically 1 or 2 millivoltsFhe 


INPUT OFFSET CURRENT-represents the difference in the base currents 
(input bias currents) required to produce equal collector voltages. Input 


offset current is an indication of the imbalance between the current gains (8) 
of the two transistors. It is typically less than 0.5 wA. 


The required input offset voltages and currents are usually specified for an 
operating temperature of 25°C. The change in required input offset voltage 
or current with temperature is designated as OFFSET DRIFT, usually 
plotted as a curve between —50°C and +125°C. Typical voltage offset drift is 
+Voc about 2 mV and typical offset current drift is about 1 wA within this range. 


Another pa aaah rating is the INP URRENT. This is the 
average current drawn by the base-emitter circuits of the differential 
amplifier, with no input signal applied. It should be kept as low as possible to 
minimize offset. Input bias current varies considerably from one circuit to 
another, depending upon the type of input circuitry used. It can range as high 
as 100 wA or greater in some amplifiers, to less than 1 pA in others. It is Cc 
determined by the input impedance of the amplifier. The higher the input 
impedance is, the smaller the input bias current will be. 


A typical IC differential amplifier is shown in Figure 6. Q, and Q, are the 
differential amplifier, with Q, as the constant current source, biased through 
R,, R, and D,. The gain of the stage can be changed by shorting out sections 
of the Q; emitter-resistor divider (R;Rgs). The differential signal inputs are 
pins 3 and 9, and the outputs are taken at pins 2 and 10. The power supply is 


Abele are Gal connected between pins | (+ V¢c) and 7 (—V¢c). The use of separate positive 
and negative power supplies provides convenience in obtaining proper dc 

Figure signal and biasing levels. This also eliminates the need for extra active 

6 device stages that would normally be required to obtain the correct dc signal 


levels. A simple Vcc supply would be used, however. 


Pin 8 provides a biasing input point to the base of Q,. Internally developed 
AGC can be implemented by connecting an external resistor between pin 8 
and pin 2 or 10, or an external control signal can be applied to pin 8 to 
regulate the stage gain. 


DIFFERENTIAL/CASCODE 
AMPLIFIER APPLICATIONS 


A number of differential and cascode amplifier circuits are manufactured in 
IC form. These circuits are usually designed with broad operating character- 
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istics and a variety of terminal connection options so that the user can 
“tailor” the characteristics to his application. 


The CA3000 integrated circuit dc amplifier of Figure 7 is an example of a 
versatile differential amplifier. It can be used as an amplifier, a modulator, 
an oscillator or in other services by selection of the appropriate external 
connections and circuits. 


This IC contains a single stage differential amplifier composed of Q, and Qu, 
with Q, serving as a constant current source. A differential output can be 
taken between pins 8 and 10, or a single-ended output can be taken between 
either of these pins and ground. The 50 emitter resistors R, and R; in the 
differential stage provide de degeneration that reduces the maximum gain but 


provides more uniform gain ¢ over the operating frequency range. 


panremcrenenrcnnrentect A A RY A A 


The inputs are applied at pins 1 and 6 to emitter-follower stages Q, and Q;, 
which exhibit a relatively high input impedance characteristic of the 
emitter-follower (common-collector) configuration. These stages provide 
input impedances of approximately 100 kQ. Typical input bias current is 23 
wA, with an input offset current of 1.2 wA and input offset voltage of 1.4 mV. 
Typical voltage gain is over 30 from dc to 1 MHz. An automatic gain control 
voltage can be applied at pin 2 to control the conduction of Q; to regulate the 
gain of the amplifier. 


The basic CA3000 amplifier configuration is shown in Figure 8..Here we 
This symbol is a triangle, with the input represented by the straight edge and 
the output by the pointed end. The various terminals or pins are designated 
at convenient points on the symbol. 


Typical bias supply voltages are +6 volts (+Vcc) and —6 volts (—Vcc). 


These voltages can be obtained from a single supply with a voltage divider, re ncaa 
but separate supplies are preferred. The user has an option of altering the 
internal bias arrangement in the base-emitter circuit of Q; by shorting Figure 


various combinations of pins 3, 4 and 5. This gives him a method of setting 8 
the circuit gain. 


Figure 9 shows the voltage gain of the CA3000 with an input signal applied to 
pin 1 and an output taken from pin 10. The amplifier output signal for 
different values of AGC voltage is shown in Figure 10. The output voltage 
gain curve is obtained for an AGC input range of 0 to —6 volts at pin 2, witha 
1 kHz signal applied to pin 1 and the output taken from pin 10. Curves such 
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as these are provided in the manufacturer’s specification sheets, and serve as 
guides for the user in selecting IC’s for various applications. 


a oer oer eee * CYS a ee 
two external resistors, as shown in Figure 11. The crystal connects from 
output pin 8 to input pin 1. Pin 1 is connected to ground through a 1 kQ load 
resistor. The other input, pin 6, is also grounded through a 1 kQ load resistor. 
The output is taken from pin 10, the output collector not connected to the 


crystal. The oscillation waveform is shown in the diagram. The frequeney-is— 


d the characteristics of the crystal, and_the_amplitude is 
determined by the gain selected for the stage. > 


rete ee Sd eas ed a 


CRYSTAL 


Figure 11 


Figure 12 shows the circuit connected to produce modulation of the 
oscillator signal. A low-frequency modulating signal is applied to pin 2, the 
AGC input. This signal causes the stage gain to vary, thereby varying 
the amplitude of the oscillator signal in step with the modulating signal. The 
output is obtained through a high-pass filter at pin 10. 
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Figure 12 
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Figure 13 


The CA3000 is capable of providing uniform gain over a range of fre- 
quencies from dc into the MHz région. Vér, it can be converted to a 
narrow-band amplifier by simply adding tuned circuits, as shown in Figure 
13. The resulting frequency-gain curve shows the narrow-band response 
when these circuits are tuned to 10 MHz. 
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Figure 14 


For greater gain, individual IC amplifiers can be cascaded in the same 


manner_as discrete amplifiers, Figure 14 shows a two-stage cascade of ~ 


CA3000 IC’s. In this circuit the differential output of the first stage is applied 
as a differential input to the second stage through an RC coupling network. 
The basic cascade arrangement provides an overall voltage gain of over 1000 
in a band of about 20 Hz to over 125 kHz, as shown in Figure 15. The 
bandwidth can be extended, at a sacrifice in gain, by using a negative 
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SINGLE-ENDED VOLTAGE GAIN-dB 


SUBSTRATE | 


Figure 
18 


metal case, to provide shieldi ng and impro 


feedback network from the output of the second stage to one of the inputs of 
the first stage. This reduces the overall voltage gain to about 100, but extends 
the lower and upper frequency limits to about 1 Hz and 2 MHz, respectively. 
AGC can be applied to the first stage as indicated. 


Another example of a general purpose IC is the M 0, shown schemati- 
cally in Figure 16. This circuit is designed primarily as a high-frequency _ 


CASCODE AMPLIFIER for i-f or r-f amplifier service. Pin 9 is the positive 
power supply terminal, with pins 2, 3 and 7 connected to the ground side of 


the supply. Pin 7 is connected to the substrate of the chip, an and also” to the 


ne Soe 


Q, and Q, form a cascode amplifier, biased by resistors R,, R. and R; and by 
diode D,. The diode presents a low impedance to high-frequency signals and 
effectively couples pin 4 to signal ground (pin 3). The ground side of the 
input does not go directly to pin 3 because if the input source has a low 
impedance, the high side of the input at pin 1 would cause the forward bias 
of Q, to be decreased through the low source impedance. The collector load 
for Q, is connected between pins 6 and 9. Therefore, the input signal is 
applied between pins 1 and 4, and the output is taken between pins 6 and 9. 
Pins 8, 9 and 10 are normally decoupled to ground for cascode operation. 
Transistor Q, iS an emitter- follower AGC transistor, receiving ee external 


has its greatest gain. The AGC Cea at AE vuitecthe co aca of 


~ Q, in its emitter path, changing the amount of signal coupled to Q,. 


L)?.23 wH Lo=.26 wH 
C;=40 pF Cz=200 pF 
Co=33 pF Cq4=27 pF 


GAIN: 30 dB 
BANDWIDTH: 500 kHz 


Figure 17 


The external circuitry for using the MC1550 as a tuned high-frequency 
amplifier is shown in Figure 17. The inductance and capacitance values 
shown are for a center frequency of 60 MHz. A gain of 30 dB over a 
bandwidth of approximately 500 kHz is achieved. 


The MC1550 is connected as an amplitude modulator in Figure 18. The AGC 
stage is used as a modulator for r-f signals being amplified by the cascode 
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pair. The external r-f signal to be modulated is coupled through a tuned 
circuit to Q, through pins 1| and 4. A 3.5 volt dc bias is applied to pin 5, and 
the modulating signal is applied directly to the base of Q, via pin 10. 
Therefore, the modulating signal “‘rides” on a 3.5 volt dc level. The purpose 
of this is shown in Figure 19. The relative forward transfer characteristic 
(voltage gain) for the cascode amplifier is shown as a function of the 
automatic gain control (AGC) voltage. The variation is linear from point A 
(2.75 volts) to point C (4.25 volts). By biasing between these two points 
(at point B), a maximum modulating signal variation of +0.75 volt can 
be applied without distortion. 


The MC1550 may be used to illustrate the versatility designed into general 
purpose linear IC’s. Although it is designed primarily for cascode operation, 
the circuitry is arranged and terminals are provided to permit operation as a 


differential amplifier as well. Eor differential operation, Q, and Q; serve as 


the differential pair and Q, is the constant current source. Pins 8 and 10 are 
used as” the input terminals, and pins 9 and 6 serve as the differential output 
terminals. With pins 1 and 4 connected together, diode D, provides the bias 
for Q,. Figure 20 shows the MC1550 connected in the differential amplifier 


mode as a 10.7 MHz i-f amplifier for use in an FM radio receiver. 


OPERATIONAL AMPLIFIERS 


The mainstay of linear integra is the OPERATIONAL AM- 
PLIFIER, a circuit that can be inserted into almost any type of equipment to 
perform some “operation” electronically. The term operational amplifier 
stems from the original design of this type of circuit to perform mathemati- 
cal operations such as addition, subtraction, integration and differentiation. 
However, “op amps” are now used as general purpose amplifiers in a variety 
of applications such as signal sensing, waveshaping and process control, to 
name a few. 


An operational] amplifier is basically_a high gain, dir direct- t-coupled amplifier. In 
Sg 
most. Roe ee Tae feedback is used to ¢ control he. eee 


nee meme 


about any operation n that 
he wants” a choice of ere components. 


An operational amplifier is represented by the functional block symbol of 
Figure 21. The input stage of the amplifier is a differentiatamplifier-operated 
in the differential mode. The differential i inputs are designated by the (—) and 
(+) symbols>A-second stage differential amplifier is normally used to obtain 
high gain, and this stage is directly coupled to the first stage. A single-ended 
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Many integrated circuits can be placed ina single package to 
form a complete multistage amplifier. 
Courtesy Integrated Circuit Engineering Corp. 


amplifier is then used as a third stage. This amplifier is directly coupled to 
one side of the second stage differential amplifier and therefore provides a 
single output. The (—) input is the inverting input. A signal applied to this 
input will produce an inverted (180° out-of-phase) signal at the output. The 
(+) input is the noninverting input. A signal applied to this input will produce 
an in-phase signal at the output. When negative feedback is used, it is 


applied from the output to the inverting input, as shown by the dashed lines 
in Figure 21. 


An “ideal” operational amplifier would exhibit the following characteristics: 
Infinite gain from dc to an infinite frequency. 


Infinite input-impedance; so that it draws zero current from the signal 
source. 


Zero output impedance; so that it can supply any value of current demanded 
by the load. 


Zero offset voltage and current. 


Infinite common mode rejection ratio. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


10. 


11. 


THE NATURE OF LINEAR INTEGRATED CIRCUITS 
BASIC LINEAR CIRCUIT ARRANGEMENTS 
CASCODE AMPLIFIERS 
DIFFERENTIAL AMPLIFIERS 


DIFFERENTIAL/CASCODE 
AMPLIFIER APPLICATIONS 


. How do analog (linear) and digital circuits differ as far as electrical 


operation is concerned? 


. List three desirable features of the monolithic process of producing 


integrated circuits. 


. Inductors and large value resistors and capacitors are easily produced by 


the monolithic process. True or False? 


. Why is it common practice to achieve some desired result by: using 


combinations of active components in a monolithic IC? 


. In linear integrated circuits, balanced circuits such as push-pull amplifiers 


are easy to produce because of the closely matched characteristics of the 
components. True or False? 


. In linear IC design, the most common method of producing passive 


components is to produce them on the basis of (a) absolute values, (b) 
ratios of values. 


. The cascode amplifier has gained popularity in linear IC design because of 


its simplicity and inherent stability. True or False? 


. What is the purpose of the AGC input in the cascode circuit of Figure 3? 


. With equal input signals at the two sets of input terminals of the 


differential amplifier of Figure 4A, the collector-to-collector output is (a) 
maximum, (b) zero. 


In common mode operation, two equal input signals are applied to the two 
inputs of a differential amplifier. True or False? 


What is the function of R, in Figure 4? 
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12. 


13. 


14. 


15. 


16. 


j ie 


In Figure 4A, if the base of Q, is driven positive with respect to the base of 
Q,, the collector current of Q, will (a) increase, (b) decrease, (c) remain the 
same. 


The ratio of common mode voltage gain to differential mode voltage gain in 
a differential amplifier is called the 
ratio. 


What term is used to indicate the degree of mismatch between the two 
‘“thalves” of a differential amplifier? 


The average current drawn by the base-emitter circuits of a differential 
amplifier with no input signal applied is called input offset current. True or 
False? 


To keep the input bias current low, the input impedance of a differential 
amplifier must be (a) high, (b) low. 


AGC is applied at pin in the circuit of Figure 6. 


yy 


d 


Zero response time; so that output voltage changes occur simultaneously 
with input voltage changes. 


Although it is impossible to construct a perfect amplifier, these ideal 
characteristics are useful in analyzing the basic operating principles of op 
amps, and in observing the effects of standard feedback arrangements. 


Standard Configurations 


The four standard configurations of operation amplifiers are illustrated in 
Figure 22. Figure 22A shows the SC ec ran The op 
amp simply functions as a high-gain amplifier without feedback. The amount 
of amplification depends entirely on the OPEN-LOOP GAIN (A,) of the 
amplifier itself. Input signal E,, is applied through R, to the inverting input. 


The noninverting input is grounded. A single output is taken with respect to 
ground. 


If Ejy is zero, the output of Figure 22A is also zero. Any input that is just 

slightly greater than zero causes E, to go to the saturation level due to the 

very high gain of the amplifier. Thus, an operational amplifier operated open 

loop functions as a switch, with the output switching etween | zero an 
ri dae lana eee ad Ae 


Sbhiy uence ap Ua 


saturation. cio A ee 


Figure 22B shows the basic amplifier with a feedback loop directly from the 
output to the inverting (—) input. The input signal is applied between the 
noninverting (+) input and ground. In the ideal amplifier, there is no current 
into the inverting input because of the infinite input impedance, so the 
difference of potential between the (+) and (—) inputs is zero. With Eo 
applied to the (—) input, and no difference of potential between the (—) and 
(+) inputs, the voltages Ep and Ej, are equal. Thus, the CLOSED-LOOP 
entiation 


GAIN (A,) of the circuit is 1, or unity. 
Se eae ee 


The circuit of Figure 22B is called a VOLTAGE FOLLOWER because the 
output voltage “follows” the input voltage. Although it does not provide a 
voltage gain, it is useful as a buffer or isolating stage. Also, with its 
extremely high input impedance and almost zero output impedance, the 
voltage follower permits an extremely low current source to drive a load 
which requires substantially more current. 


The circuits of Figures 22C and 22D are the-mest-common operational 


amplifier see ial Figure 22C shows the NO NG CON- . 
FIGUR: e is Supplied to the inverting input by voltage 
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divider R,R,. This divider is between Ep and ground, so the output voltage 
divides between R, and R, in proportion to their resistance values. 


Again assuming ideal conditions, there is no current into the (—) input so the 
(—) and (+) terminals are at the same potential. This places E,, across R;. 


The ratio of Eo to Ey is therefore equal to the ratio of (R, + R,) to R,. The 
closed- Ook ome of the circuit is: 


a e R, + R, pbriree R, \ (1) 


Assuming resistance values of R; = 1 kO and R, = 100 kQ for Figure 22C, 
Equation 1 yields a voltage gain of: 


Ry 100 kO 
— . + 
Ac=1+ R, 1kO 


= 1+ 100 = 101 


Thus, the closed- -loop gi gain depends upon the feedback resistance, and can be 


‘set. to_any value greater than 1 by varying the resistance values. Input 


impedance is infinite and~ output impedance is zero. 9. This configuration i 1S 
used in applications that call for voltage gain with no signal inversion. 


The INVERTING-CONFIGURATION of Figure 22D is the most commonly 
used configuration. The feedback is applied through R, to the inverting 
input, and the input signal is ape through R, to the same oe 


assuming no current into the input and no differe —of_potential 
assuming no current in 


between the (—) and (+) inputs, the junction of R, and R, is effectively at 
ground. This places R, across E,y, and R, across Eq. The ratio of Eo to Ey 18 


equal to the ratio of R, to R,. The closed-loop gain for this confi uration is: 


a 


ee Psy s god 
( Ac=-2 ) Q) 
The minus sign in this term indicates the signal inversion. 


Using Equation 2 and assuming resistance values of R; = 1kQ and R, = 100 
kQ in the circuit of Figure 22D, the closed-loop gain would be: 


With R, effectively across the signal source, the input impedance of the 
inverting configuration cannot be infinite. It is the resistance of R, (for 
example, 1 k in the calculation above). However, the output impedance is 
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still essentially zero. This configuration is popular because the gain and input 
impedance can be matched to the application by simply changing the 
feedback resistance ratio. 


Practical Operating Characteristics 


The characteristics of the “ideal” amplifier are, of course, impossible to 
achieve in practice. However, they give us an idea of the ranges of 
characteristics desirable in practical op amps. For example, the open-loop 
gain, although it can never be infinite, should be as high as possible so that 
the feedback components will exercise a high degree of control over the 
operation. Open-loop voltage gains of 10,000 to over 1,000,000 are not 
uncommon. This gain is usually specified at 25°C, with no load, at dc or some 
low frequency, and with specific power supply voltages. 


_The The gain of an operational am mplifier_varies-with_frequency because of the 


Si es 


capacitance that exists within the integrated circuit-components. The curve 
of Figure’ 23 shows a typical plot of open-loop gain versus frequency. As 
illustrated, gain is essentially constant from dc to approximately 100 Hz, at 
which point it has dropped to 3 dB below its dc level. There is a 
characteristic rolloff at a rate of 6 dB per octave between the 3-dB point and 
the unity gain point at 1 MHz. The unity gain point is considered to be the 


maximum frequency-limit of the ampli ef: sarceey Tl 


Figure 24 shows the effect of feedback on the gain of the amplifier. A 
closed-loop voltage gain of 100 is assumed. Notice that the gain is “‘flat’’ over 
a wider frequency range (increased. bandwidth), but still decreases to the 
unity gain crossover point at the same frequency (1 MHz), as determined by 
the open-loop characteristics of the amplifier. 


Both the 3-dB B point and the gain-crossover point are significant in the _ 
frequency response curve. The 3- -dB point is generally referred to as the 
maximum frequency at which uniform amplification— -can—_be—achieved. 
Beyond this point, the output voltage swing is limited by the rolloff of the 
response curve. However, an operational amplifier can provide useful 
operation in many applications as long as it provides a gain above unity. 


Therefore, the unity gain point is an important specification. 


In_addition- effect on circuit gain, the internal circuit capacitance 
produces phase.shift of the Signal passing through the amplifier. r. This phase 
shift, which increases with frequency; adds to the 186° phase shift produced 


by the feedback network when the op amp is used in a closed-loop 


configuration. If_the total phase shift (feedback plus internal) | reaches-360°— 
a ee ee see 
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before the gain drops below unity, the circuit becomes unstable and breaks 
into-Oseillation because t e negative feedback has become : Positive feed- 
mT ce ee ag ; 


back. SRE Re) Or 


COMPENSATING NETWORKS are-used_to control the phase shift and thus 
improve the stability of the amplifier. In some op amps, the compensation is 
designed into the circuit-tnothers, the user must add external resistors and 
capacitors at designated terminals to provide the desired compensation. In 
this latter case, the manufacturer recommends appropriate compensating 


components in the specification sheet for the amplifier. 


We assumed an infinite input impedance and zero output impedance for the 
ideal operational amplifier. In practice, input impedances range anywhere 
from several thousand ohms to over a million megohms. The open-loop 
input impedance depends largely upon the type of input circuitry used in the 
first stage of the amplifier. Typical output impedances range from less than 
10 ohms to several thousand ohms, but in most cases are between 100 and 
200 ohms. Output impedance depends mainly upon the type of circuit used 
in the output stage. 


( 


The input stage of an op amp is a differential amplifier, so it is subject tothe— 
same-eharacteristics described earlier for differential amplifiers. Input bias 
current, offset effects and common mode rejection ratio are important 
factors. If anything, they are more critical in the operational amplifier 
because the errors that they produce are magnified by the high gain of the 


Sa nee 


-amphner, ~ 


In listing the characteristics of the ideal operational amplifier we suggested 
that the response time of the amplifier should be zero. In other words, if an 
instantaneous change in input signal occurs, the output signal should change 
instantaneously to follow it. The maximum rate_at_ which the output can 
change is referred to as the SLEW RATE of the amplifier, expressed in volts” 


<r 


per microsecond (¥ fs} 
Scene 7S) 


High slew rates are desirable if the output voltage excursions are relatively 
large—for example, if the output must change rapidly from a negative peak 
to a positive peak in a pulse amplifier application. Unfortunately, sl eis 

affected adversely by the compensation applied to iheanipiicr Slew Mteem 


c ——— 


= een noerennenanenareet 


slew rate. Also, the slew rate decreases at higher frequencies because the 
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Typical Operational Amplifiers 


We have considered the operational amplifier as a functional element. 
However, an operational amplifier is actually a multistage device as illustrat- 
ed by the block diagram of Figure 25. The first stage is. is.a differential amplifier 
which-prevides most of the gain of the circuit. The second “stage-tinterme- 
diate stage) is-usuaily another < differential amplifier driven by the output of 
the . first-differentiat amplifier-In 1 most circuits, a Single outp Output is taken from 
this second stage. 


INPUT OUTPUT 
DIFFERENTIAL INTERMEDIATE LEVEL OUTPUT 
INPUT STAGE TRANSLATOR STAGE 
STAGE 
Figure 25 


Because direct coupling is used, the dc level rises from stage to stage. A dc 
component is undesirable because it tends to shift the operating points of the 


succeeding stages and thereby distorts the signal. ALEVEL TRANSLATOR | 


is therefore included to shift the dc_level downward. The final _stage is 
usually ; a | push-pull output stage. ~ 


ene all erga 


The schematic diagram of the 709, a typical operational amplifier, is shown 
in Figure 26. This unit is a high gain, stable amplifier that has become one of 
the standards of the industry. Its open-loop characteristics are typical of 
high performance op amps. For power supply voltages between +9V and 
+15V, it provides a typical open-loop voltage gain of 45,000. The input 
impedance is typically 150 kQ and the output impedance 1500. The high 
input impedance limits the input bias current to about 100 nA. Input offset 
voltage is about 0.6 mV, and input offset current about 10 nA. Common 
mode rejection ratio is 110 dB. It is capable of an output voltage swing of 
+14V at a supply voltage of +15V. Slew rate varies from over 10 V/s to 
less than 1 V/ys as the degree of phase compensation is increased. 


Referring to Figure 26, Q, and Q, form the input differential amplifier, 
receiving the inverting and noninverting inputs from pins 2 and 3. Q,, serves 
as the constant current source for this stage. Diode-connected transistor Qo 
serves as a bias stabilizer for Q,,. The collectors of Q, and Q, are direct 


coupled to the two Darlington pairs (Q,Q; and Q,Q,) that form the second 


differential amplifier. Diode-connected transistor Q,, and resistors R; and R, 
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aid in biasing this stage and Q, tends to stabilize the operating point for 
various supply voltages. 


The single-ended output of the second stage is taken from the Q,Q, collector 
and fed to emitter follower Q,. Q, isolates the differential amplifier from the 
output stage, and also provides level translation to compensate for the rise in 
de level through the direct-coupled stages. The emitter signal of Q, is 
applied, through Qy, to the base of Q,,, which is the driver for the output 
stage. The collector signal of Q,, is applied to the bases of Q,, and Q,,, which 
form a complementary symmetry output stage. The output is taken at pin 6. 


PNP transistor Q, provides additional level translation, sensing any shift in 
ou Stage level via féédback frésistor R,; and changing its collector- 
emitter voltage to restore the proper dc operating level. Feedback is 
returned from the output stage to the emitter of Q, through R,; to improve 
the linearity of operation. 


The dc supply is connected between pin 7 (+ V¢c-) and pin 4 (—V¢,). The 
maximum supply voltage is +18 volts, with a recommended range of +9 to 
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+15 volts. Input compensation is applied to pins | and 8. Output compensa- 
tion is applied to pins 5 and 6. The compensating networks are illustrated in 
Figure 27. The S500 resistor at the output of the amplifier is used as a 
current-limiting resistor to protect the output stage against overloads. 


The curves of Figure 28 show the effects of various combinations of 
compensating components on the open-loop frequency response. In general, 
increasing t mount of compensati uses a decrease in_ open-loop 
“TOvESBE Pah, bur resultsin-a mare near colo! that improves sabiity a high 
frequencies. Figure 29 shows the effect of these same compensating 
networks on the output voltage swing at various frequencies. As indicated, 


the g greater the_amount of compensation, the smaller the (output voltage 


swin g ing at higher frequeneies. aac ee 
i | 
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Figure 30 shows the voltage transfer characteristic of the 709 at a supply 
voltage of +15 volts and a load resistance of 10 kQ.. The large slope of this 
curve is an indication of the high open-loop gain of the amplifier. Notice that 
the curve is also very linear to practically the full value of supply voltage, 
demonstrating the linearity and large output voltage swing capability of the 
circuit. 


Another op amp that has become an industry standard is the 741, shown 
schematically in Figure 31. This is one of a number of units that features 
internal compensation. A 30 pF capacitor is fabricated on the chip to provide 
the desired phase control at high frequencies. 


In Figure 31, the input differential amplifier consists of Q, and Q, augmented 
by Q, and Q, and a controlled current source consisting of Q, and Q,. Bias 
current for this circuit is provided by a constant current source consisting of 
Q, and Q,), which supplies constant base current to Q, and Q, to establish 
the operating current for the differential stage. The base potentials of Q, and 
Q,) are stabilized by diode-connected transistors Q, and Q,,. Q, is an 
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ordinary transistor with its base connected to the Q, base and the collectors 
of Q, and Q, . Many transistors in IC’s are drawn this way. 


ENE transistors Oy aml Crincrease the maximumEimput signal cepa 
differential stage. The base-emitter junctions of Q, and Q, are in series With 
‘the base-emitter junctions of Q, and Q,, respectively. An input signal would 
have to break down both of the series junctions in order to overload the 


stage. The stage is practically indestructible at the signal levels normally 
encountered. 


The bias currents for both Q; and Q, are supplied through Q,, and must 
therefore be equal at all times. Q, is controlled by the collector voltage of Qs. 
Any change in Q, collector voltage produces identical changes in Q,; and Q, 
collector currents by virtue of the equal changes in base current caused by 
Q,. For example, if the collector current of Q; increases by a given amount, 
the collector current of Q, will increase by this same amount. 


Suppose that a differential input signal causes the collector current of Q, 
(and Q,; and Q,;) to increase, and the collector current of Q, (and Q,) to 
decrease. The action of Q, causes the base current of Q, to increase. As a 
result, the Q, collector current increases by the same amount as the Q,; 
collector current increases. Since the current through Q, (and Q,) has 
decreased, and the current through Q, has increased by the same amount, 
the net change in current at the junction of Q, and Q, is twice that of Q, 
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alone. The signal at this point is the output of the differential stage. From this 
action, we see that Q, and Q, act as a complementary-symmetry amplifier 
whose output voltage is proportional to the difference of the inputs to the Q, 
and Q, differential amplifier. 


This output is fed to a Darlington pair consisting of Q,, and Q,,, which 
serves as a driver for the output stage. Q,, and Q,, are alSo part of a level 
translator which includes constant current source Q,, (stabilized by diode- 
connected transistor Q,.) and a network consisting of R;, Rg and Q,,. This 
network is designed so that the voltage changes across the various transistor 
junctions provide a zero dc level in the output stage when no signal is 
applied to the input. 


The driver stage supplies the signal for complementary output transistors 
Q,, and Q.». Output overload protection is provided by Q,, and Q,;. If the 
load current exceeds the safe limit, the voltage drop across Ry, and the 
voltage drop across R,, forward bias the emitter junctions of Q,; and Qs», 
respectively, and these transistors turn on. This decreases the Qj, and Q,, 
base voltages, which turns off the output stage. 


Although the input circuit is designed to have very low offset, provision is 
made for an external offset nulling arrangement that will completely 
eliminate offset for critical applications. The nulling circuit is shown in 
Figure 32. A 10 kQ. potentiometer is connected between the emitters of Q, 
and Q, through pins 1 and 5, with the negative power supply connected to 
the movable contact of the potentiometer. By varying the setting of the null 
pot, the emitter potentials of Q; and Q, can be varied to compensate for any 
imbalance in the two legs of the differential amplifier. Offset adjustment 
range is approximately +15 mV. 


Typical open-loop voltage gain for the 741 IC is 200,000. It features an input 
impedance of about 2 megohms and an output impedance of 750. Input bias 
current is typically 80 nA, with input offset current of 20 nA and offset 
voltage of 1 mV. Typical slew rate is 1 V/s or less. 


The gain-frequency relationship of the 741 IC is illustrated in Figure 33, and 
the output voltage swing-frequency relationship in Figure 34. These two 
characteristics and also the slew rate are permanently limited by the internal 
compensation of the amplifier. In comparison, the upper frequency limit, 
output signal swing, and slew rate of a noncompensated amplifier such as the 
709 can be optimized by reducing the amount of compensation. : 


One more example of operational amplifier design is the 740 IC shown in the 
simplified schematic diagram of Figure 35. The circuitry is essentially the 
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Figure 35 


same as that of the 741 except for the modification of the differential input 
stage to include junction FET’s in place of the NPN and PNP junction 
transistors. This I italizes on the high input impedance of the FET to 4 


provi W input bias current an ; 


Typical input bias current for the 740 is 0.1 nA, with an input offset current 
of only 0.04 nA, because of its exceptionally high input impedance of about 
1,000,000 megohms (107). Open-loop voltage gain is typically high, around 
1,000,000. 


However, typical input offset voltage is about 10 mV, higher than that of the 
741. Typical slew rate is 6.0 V/s. All other characteristics are essentially the 
same as those of the 741. The gain characteristics and the output voltage 
swing are illustrated in Figures 36 and 37. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


18. 


19. 


20. 


21. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


OPERATIONAL AMPLIFIERS 
STANDARD CONFIGURATIONS 
PRACTICAL OPERATING CHARACTERISTICS 
TYPICAL OPERATIONAL AMPLIFIERS 


What effect do emitter resistors R, and R; have on the operation of the 
differential amplifier of Figure 7? 


Emitter followers Q, and Q, are used in Figure 7 to provide a low 
impedance input. True or False? 


In the circuit of Figure 16, a cascode stage is formed by transistors ___ 
ang: 2, 


For maximum gain in the circuit of Figure 16, the AGC voltage should be 
(a) maximum, (b) minimum. 


- When the MC1550 is operated as a differential amplifier, what is the 


function of Q,? 
Basically, what is an operational amplifier? 


The operation of an op amp is controlled by (a) positive feedback from the 
output to the input, (b) negative feedback from the output to the input. 


A signal applied to the (—) input of the operational amplifier represented 
in Figure 21 will produce an output signal that is (a) in phase, (b) inverted. 


In the open-loop configuration, the gain of an op amp is determined by the 
feedback components. True or False? 


The gain of a voltage follower is (a) zero, (b) 1, (c) infinite. 


The gain of the noninverting op amp of Figure 22C is determined by the 
relative values of R, and R,. True or False? 


If the resistance of R, is 10 times larger than that of R, in Figure 22D, what 
is the gain of the amplifier? 


What determines the input impedance of an inverting op amp? 
For stable operation, the phase of the feedback signal in a closed-loop 


operational amplifier must not reach 360° before the gain drops to unity. 
True or False? 
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38. 


39. 


The stability of an operational amplifier is improved and the phase shift 
controlled by using 


The input and output impedances vary from amplifier to amplifier, but in 
general the input impedance of an operational amplifier is (a) high, (b) low. 


The output impedance of an operational amplifier is (a) high, (b) low. 


The slew rate of an operational amplifier is an indication of how quickly 
the output can change to follow a change in input signal. True or False? 


What is the purpose of a level translator in an operational amplifier? 


As illustrated by the curves of Figure 28, increasing the amount of 
compensation causes a decrease in open-loop voltage gain, but also causes a 
more linear rolloff in gain. True or False? 


What effect does phase compensation have on the maximum output voltage 
swing? 


Compared to the NPN and PNP transistor input of the 741 op amp, the 
FET input of the 740 provides (a) higher input impedance, (b) lower input 
impedance, (c) the same input impedance. 


( 


OPERATIONAL AMPLIFIER 
APPLICATIONS 


Operational amplifiers are the most versatile of all linear integrated circuits. 
They have almost unlimited applications in all types of electronic systems. 
We have selected a number of op amp applications to illustrate this 
versatility. In the following examples the op amps are considered as 
functional elements adapted to the application by the external circuitry. Bias 
supply connections are omitted for simplicity. 


Amplifier Circuits 


The basic amplifier configurations for an operational amplifier are illustrated 
in Figures 38 and 39. The inverting amplifier is shown in Figure 38A, with a 
table of resistance values to produce typical closed-loop gains. The gain is 
equal to the feedback resistance (R,) divided by the series input resistance 
(R,). The input impedance of the amplifier is equal to the value of R,. To 


resistance of R, and Ry. ee 
ee Sm Ie ker re 


Figure 39A is the basic noninverting amplifier. Here the input signal is 
applied to the noninverting input and the feedback is applied to the inverting 


§ 
§ 
3 


Sibu 
Qe 
See 
a oR 


opran dun mentines OS gue 


A plug-in printed circuit card can accommodate many 
integrated circuit packages, permitting hundreds or even 
thousands of circuits to be used on one card. 

Courtesy Varian Data Machines 
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input. The gain is equal to (R, + R,) divided by R, (or 1 + R,/R)). Again, the 
\_value of R; is selected to equal the parallel re resistance of R, and R, to ~ 

minimize the offset. ’ The typical resistance values in Figure 39B result in the 

degrees of gain shown in the table. The input impedance of this circuit is 


53 related to the open-loop input impedance of the op amp. 
OUT 
IN 
2 if © Figure 40A is an example of the voltage follower (or unity voltage gain 


= amplifier). The output is fed back directly to the inverting input, and the 


A input signal is applied to the noninverting input. As the name implies, in this 
- aes a a circuit the output voltage “follows” the input voltage in amplitude and 
ae a ae esa phase. Since the circuit operates with unity voltage gain, the output 
@ 4 fees za H+ waveform is theoretically an exact replica of the input waveform. However, 
a 2 lee as indicated by the waveforms in Figure 40B, the output waveform actually 
ra 5 ae obtained can be distorted by the effects of the internateirevit-capacitance. » 
: sheceicteihsi rk ee hoes seater rea unaibeety ae cls USGA ER ee 
a0 ME 
5 ESS 
ss Es : : 
8 
+ The voltage follower features the highest input impedance tput 
© 10 20 30405060 70 8090 impedance of all op-amp-configurations. For the © 41 op amp illustrated in 
TIME -wS Figure 40, typical gure 40, typical input impedance is 400 megohms, and output impedance is 
B less than 19. Even though the voltage gain is no greater than_unity, this 


Fi arrangement_is useful as a buffer or isolating stage, and is capable of 
a producing a relati high output current. e 


The inverting amplifier can be used as a summing amplifier, or adder, as 


Shown in Figure 41. Here we have applied two signals to the inverting input. 
One input is a sinewave with twice the frequency and half the amplitude of 
the other input which is a square wave. The resulting output is the sum of the 
instantaneous values of the two signals, inverted by the normal inverting 
action of the amplifier. 


ea ane mapas ee RRS ee 
the op amp is held very near ground potential by the negative feedback. The 
‘Sout sami aie. eftectively- ieomedieigomm each: ctor: iceman are 
effectively grounded at the input of the amplifier and each one is treated by 


the amplifier as an independent input signal. However, the amplified signals 
appear simultaneously in the output. 


Figure 
4] 
The summing amplifier circuit adds the input voltages (referred to as E, and 


E, in Figure 41) algebraically. Each input voltage is a d by a factor 
equal to the ratio of the feedback resis 3 In Figure 41) to its input 
resistance (either R, or R,). Thé output voltage may be determined by usin 


the following equation; 


| ae (e) +(e) o ( 


r) 


This equation states that the output voltage (E,) is equal to the sum of the 
individual input voltages (E, and E,) which are multiplied by the ratios R;/R, 
and R;/R,. The negative sign is added to the right side of the equation to 
show that the amplifier inverts the input signals. 


In Figure 41, the feedback and input resistors are equal in value; therefore, 
each input voltage receives a gain of 1. This means that the output signals are 
simply added together without additional amplification. However, the output 
voltage equation shows that an amplified output can be obtained by making 
the feedback resistor larger than the input resistors. If the input resistors 
were unequal, a ‘“‘weighted”’ sum would be obtained. That is, the signal fed 
through the smaller input resistor would receive a greater amount of 
amplification. A fircuit arranged in this way is referred to as a SCALING 


ADDER. —— orl tees 


Tey, “en 


Additional input rovided up to the practical current input level and 


maximum output signal swin of the as Notice that the noninverting 


input resistor (R4) is selected so tha Value is equal to the equivalent 
pataltedreeistance-of the feedback resistor and all inverting input resistors, 
This ensures that the + and — input currents are approximately equal, thus 
keeping the offset error voltage to a minimum. 


The circuit used as a differential amplifier is shown in Figure 42. This 
complete circuit functions as a conventional differential amplifier, with an 
output that is proportional to the difference between the two inputs. This 
circuit is usually constructed so that R, is equal to R, and R; is equal to R,. 


This means that the ratio R;/R, will e ratio RJR. Under these 


conditions the output voltage (Ej) will be equal to the difference between the 
input voltages (E, and E,) multiplied by the gain of the amplifier which is 
equal to the ratio R,/R,. When expressed as an equation, thé output voltage - 
is Cine: | a 


(z. = 2 (Exi= E,) j (3a) 


With the values shown in Figure 42, the circuit provides a gain (R;/R,) of 10. 


One final example of an operational amplifier circuit is shown in Figure 43. 
This circuit consists of a cascade of two direct coupled operational 
amplifiers. Notice in particular that each stage is labeled 1/2 747. The 747 


isolated from each other _s 1ey function independently. The practice 
manufacturing multiple units such as this is becoming very popular 
because of the savings in space of the single package as compared to two 


separate packages, and also because of the close match that can be provided 
between the individual amplifiers. The 747 is referred to as a “dual op amp.” 
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Figure 


Combinations of four op amps are also produced. These are referred to as 
“quad op amps.” 


Getting back to the circuit of Figure 43, the input stage is connected as a 
voltage follower. This provides a high opedance ini input, in this case about~ 
200 megohms, which minimizes loading of the Signal source. The second 
ifier that provid . AS we 
can see from the feedback-to-input resistance ratio (100 kO. to 1 kQ), the gain 


is 100. Thus, the output (inverted) at pin 10 is 100 times the input at pin 2. 


_The high input impedance and reasonably high gain make this type of circuit 
(ns pee 


ideal for applications such as instrumentation amplifiers. 
pe Ss a Ne A ee eS 


Waveshaping Circuits 


_ Operational amplifiers are often used to for tive waveshaping net 


Examples 0 € the integrator circuit of Figure 44 and the 
differentiator circuit of Figure 45. These circuits are essentially inverting 
amplifiers with capacitors in place of resistors in the feedback-or-input 
circuit. ee 


In the integrator of Figure 44, the capacitor is in the feedback loop. The 


When a square wave is applied to the input of the circuit as shown, the 
capacitor attempts to charge to the peak value of the square wave on each 
alternation. With a signal frequency of 1 kHz and the component values 
shown, the capacitor and-input resistor effectively have a time constant that 
is long when compared with thé period (time for-one-Cycle)_of the input 
~wavefornt. When the input square wave jumps to its positive peak value, the 
capacitor tries to charge to this value but cannot because of its relatively 
long time constant. When the input square wave voltage drops to its negative 
peak value the capacitor discharges and tries to ae to the negative peak 
and decreases 


The 100 kQ resistor across the capacitor prevents the circuit from integrat- 
Ing the dc offset vo € input of the op amp, which would otherwise 
build up_across the capacitor over a period of time. At the frequencies for 


which the circuit is designe Zz in this case), the resistor does not have 
adverse effects on circuit operation. 
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chargi ent of the capacitor is the current in the input resistor, and the > 
output Oe: is t e voltage across the capacitor. The ean of the circuit 


input ae 


In the differentiator circuit of Figure 45, component values have been 


selected to permit high amplification of the ac input signal. Because there is 
: ° OE ena oe oe EI ee 
ittte negative feedback, any small signal of a repetitive nature, such as the 
triangle wave shown at the input, will drive the amplifier between full cuto 


and saturation. 

Noise spikes can be~a-serious_problem—with-high- amplifiers because 
they represent rapid changes which produce large pulses of output voltage. 
At high frequencies, the the impé of the 0.1 a F capacitor i Is negligib ou 
Ther the 2700 resistor limits the high-frequency | gain of the ci circuit so 


that noise e pulses O-not-receive’ excessive amplification 


Active Filters 


Operational amplifiers are co with RC networks to produce 
various types of filters. The RC networks control the gain of the op amps at 
various ff les to provide the filter action. Active filters are particularly 
useful at lower frequencies, where inductors required to produce com- 
parable filter action would be large and cumbersome. Op amps are also 
desirable because the gain of the op amp can overcome the losses usually 
associated with filter circuits. 


Examples of active filters are the low-pass filter of Figure 46A and the 
high-pass filter of Figure 46B. In the low-pass filter, a capacitor is used as a 
shunt element in the inverting input of the operational amplifier. At high 
frequencies the reactance of the capacitor is low, and very little of the input 
signal is applied to the amplifier input. At low frequencies the reactance is 
high, and the input signals are amplified with little attenuation. 


The opposite action occurs in the high-pass filter of Figure 46B. The 
capacitive elements are in series with the inverting input, and therefore, they 
attenuate the input signal at low frequencies. At high frequencies the 
reactance is low and the input signal is passed to the amplifier with little 
attenuation. 


-Fhe-cutoff frequency for both circuits of Figure 46 46 depends on the r 
in the diagram 


istanc d capacitance. The values indica 


yalues-of resistance and capacitance. 

produce a cutoff at a little over 100 Hz. The gain of t depends on the 
ratio of feedback impedance to series if impeda he 0.01 1 pF 
capacitor in the feedback loop of the low-pass filter of Figure 46A prevents 


in teqgation “of ihe offset valiage. tion of the offset voltage. The 1500 resistor in series with the 


inverting input of the high-pass filter of Figure 46B stabilizes Circuit 


against high-frequency noise pulses. 
pense de ae aoe 
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+ SATURATION 


— SATURATION 


Figure 
49 


A circuit that is especially useful in filter design is illustrated in Figure 47. 
This circuit, referred to as a or ee the unique ability to simulate 
the property of an inductor. The two halves of a 747 dual op amp are 
interconnected through a network of resistors and capacitors to produce a 
reactance that decreases with frequency between the circuit terminals. The 
simulated inductance can be calculated as indicated in the diagram, where L 
is in henries, R in ohms and C in farads. 


Figure 48 shows a conventional high-pass filter using a gyrator as the shunt 
inductive element. Gyrators are used in filters of this type, and as the shunt 


element in bandpass and other types of filters. However, they are uncom- 
mon in_low- ‘applications because one side of the gyrator must be 
grounded, as shown in Figure 48. 


Comparators 


An operational amplifier can be used as a comparator by connecting one of 
its input terminals to a reference voltage and applying the input signal to the 
Ley ay ps ome = = ¥ nae 66 Lge: 9 : : 

ther input-terminal. The op amp “compares” the input signal to the 
refererice, and the op amp output then depends on whether the input signal is 


positive, negative or equal to the reference potential. 


Figure 49 illustrates a comparator circuit with a reference potential of +1 
volt on the inverting point. The op amp is operated open loop, so that evena 
very small differential input will cause the amp to go into saturation. If the_ 
input signal is equal to the reference voltage (no differential input), the 
output is zero. If the input is ér than the reference, the op amp is driven 
to positive saturation. If the input is less nce, the op amp is 
driven to negative saturation. as == 


ge a 


— 


In the circuit of Figure 49, with the input shown, the output is at positive 
saturation from +2 volts of input until the input drops to the +1 volt level. 
The output then goes to zero, then to negative saturation as the input 
continues below the +1 volt level. For the 709 op amp shown, assuming a 
+15 volt supply, the saturation levels would be typically +14 volts. 


Figure 50 shows a comparator with a zero reference (the inverting input is 
returned to ground), and with a zener diode connected to the output. The 
zener diode limits the level of the-output_signal. When the op amp gdes to— 
positive saturation the zener diode limits the positive peak to 3.5 volts. For 
negative saturation, the output is clamped at the forward voltage drop of the 
diode, approximately 0.7 volt. This provides an output that is compatible 
with digital logic levels. 
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A comparator with a zero reference is used to sense the output of a magnetic 
pickup in Figure 51. The magnetic pickup is serving as a generator in a 
tachometer system. The sinewave output is applied to the noninverting input 
of the op amp. Each time thé sinewave passes through zero, the output of 
the op amp switches, as indicated by the waveforms in the diagram. This 
circuit is referred to as a ZERO CROSSING DETECTOR. Each output pulse 
of a given polarity indicates one cycle of input, which in this case 
corresponds to one rotation of the element. 


In comparator applications, the op amp should exhibit a high slew rate if the 
output voltage must change rapidly from the maximum positive level to the 
maximum negative level. Because slew rate is adversely affected by phase 
compensation, an uncompensated op amp such as the 709 is preferred to a 
compensated op amp for this application. The op amp is operated without 


fe eedback,-so-that-compensation is not require not required. 


Analog Storage Elements 


The circuit of Figure 52 is an example of how an operational amplifier can be 
used as a temporary storage device. This is called a SAMPLE AND HOLD 
CIRCUIT. It includes a switching arrangement that applies the the input it signal 
to a capacitor on command from an external control circuit. During the time 
that the switch is closed (the sampling time), the capacitor charge varies with 
the input signal voltage. When the switch is opened, the capacitor remains 
charged to the signal voltage that was present at the end of the sampling 
interval. 


high input impedance, serves as a buffé “to-prévent the charge from leaking ~ 
off rapidly through the load. The “switch” must also 1 represent a high _ 


impedance to isolate the capacitor from the source during the nonsampling 
intervals. Reed relays are sometimes used for this purpose. An FET 
connected source-to-drain in series with the input, with the gate controlled 
by the command signal, is another popular switch element. Holding times up 
to several hours are possible with this type of circuit. Thus, a carefully 
designed sample and hold circuit can be used as a storage element in an 
analog memory circuit. 


ARRAYS 


Another approach to IC design is ne ARRAY, a combination of in- 


pg es asthe a een circuit— 
designer interconnects the elements of the a iscrete external 
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old its charge for a reasonable length of time. The voltage follower, with its — 
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Figure 


components to form the desired circuit. The near perfect match of electrical 
and thermal characteristics of the components in the array makes it 
particularly useful in designing balanced circuits or systems. 


Typical arrays are illustrated in Figure 53. The CA3019 diode array of Figure 
53A consists of two unconnected silicon diodes and a diode quad connected 
in a bridge configuration. This array can be used wherever closely matched 
diodes are required. The bridge arrangement is especially useful for circuits 
such as bridge rectifiers, balanced modulators and so on. Terminals 2 and 6 
can be shorte set of two series diodes; if desired. 
‘erminals 5 and 8 can be shorted_to provide two-s back-to-back diodes 


for limiting ¢ or OF Clipping « applications." 3 42+ 5:07 eee Sv. kn Pe enaae een 


Figure 53B is a transistor array which contains two independent NPN 
transistors and two NPN transistors connected for Darlington or emitter- 
follower operation. In this array, the CA3018, transistors Q, and Q, can be 
connected in any of the standard configurations. Pins 11 and 12 can be 
connected together to form a Darlington pair of Q, and Q,. Also, Q; and Q, 
can be connected as sepa in whic 3 is used as an emitter 
follower direct coupled to the base of Q,. 


ie) 


(3) SUBSTRATE () 


'e AND CASE 


Figure 53 


The CA3026 array of Figure 53C consists of two basic differential amplifier 
stages. Q, and Q, form the differential pair of one stage, with Q, as the 
constant current source. Q,, Q; and Q, form a similar arrangement for the 
other stage. Cascode operation is also possible, with Q, and Q, forming the 
cascode pair and Q, as an AGC transistor. 


The arrays of Figure 53 are but a few examples of the arrays now available. 
There are many more combinations of diodes and transistors, including 
arrays of both NPN and PNP transistors on a single chip. Arrays of FET’s 
and SCR’s are also being produced in limited quantity, and may soon 
become an important part of the linear IC inventory. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


OPERATIONAL AMPLIFIER APPLICATIONS 
AMPLIFIER CIRCUITS 
WAVESHAPING CIRCUITS 
ACTIVE FILTERS 
COMPARATORS 
ANALOG STORAGE ELEMENTS 
ARRAYS 
In either the inverting or noninverting op amp configuration, the gain is 
increased by making the feedback resistor larger than the input resistor. 
True or False? 


How does the input impedance of the voltage follower of Figure 40 
compare with the input impedance of the inverting amplifier of Figure 38? 


The voltage follower provides the highest gain of any op amp configura- 
tion. True or False? 


If the input resistor connected to input 1 in Figure 41 is increased in value, 
what will happen to the amplitude of the sinewave component in the output 


waveform? 


To change a square wave to a triangular wave, the square wave can be fed 
to (a) an integrator, (b) a differentiator. 


What is the purpose of the 270© input resistor in Figure 45? — 


An operational amplifier circuit that provides the effect of an inductance is 
called a 


When an operational amplifier is used as a comparator, the output is zero 
when the input voltage is equal to the reference total. True or False? 


In the comparator of Figure 49, what is the output voltage when the input 
voltage is less than +1 volt? 


What is the effect of the zener diode at the output of the comparator of 
Figure 50? 
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50. 


$1. 


To provide high slew rates in a comparator application, the op amp should 
be heavily compensated. True or False? 


In the sample and hold circuit of Figure 52, the op amp is operated as (a) 
an inverting amplifier, (b) a voltage follower, (c) an open-loop comparator. 
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SUMMARY 


Linear integrated circuits are now used extensively in many types of 
electronic equipment. The basic cascode and differential circuit arrange- 
ments that are employed in linear IC’s are highly versatile and may be used 
in many applications. The differential amplifier is also an essential part of the 
operational amplifier which is one of the most widely used circuits in 
integrated circuit form. The operational amplifier may be used as an active 
component in the construction of audio or r-f amplifiers, oscillators, 
waveshaping circuits, filters, comparators, storage devices and many other 
types of circuits. Integrated circuit arrays are also available which contain a 
number of individual active and passive components which may be intercon- 
nected to form a variety of circuits. Circuits of this type permit complete 
design flexibility. 
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IMPORTANT DEFINITIONS 


ANALOG CIRCUITS—Circuits in which the electrical signals vary in propor- 
tion to the quantities they represent. Also referred to as a LINEAR 
CIRCUIT. 


ARRAY—A combination of independent components or amplifier stages on 
a single chip. 


AUTOMATIC GAIN CONTROL (AGC)—A control system in which a 
feedback signal is used to automatically adjust the gain of the controlled 
circuit. 


CASCODE AMPLIFIER—An amplifier consisting of a common-emitter 
stage directly coupled to a common-base stage. 


CLOSED-LOOP GAIN (A,)—The gain of an operational amplifier with 
negative feedback applied. 


COMMON MODE OPERATION—Simultaneous application of signals to 
both inputs of a differential amplifier. 


COMMON MODE REJECTION RATIO (CMRR)—In a differential am- 
plifier, the ratio of common mode voltage gain to differential mode 
voltage gain. The ability to reject undesired common mode signals. 


COMMON MODE VOLTAGE GAIN (A,)—In a differential amplifier, the 
ratio of output voltage to the common mode input that causes it. 


COMPARATOR—A differential amplifier in which one input is connected to 
a reference voltage (or ground) and the input signal is applied to the 
other input. The input signal is therefore ‘““compared”’ to the reference 
voltage. 


COMPENSATING NETWORKS—RC networks used to control the phase 
shift and thus improve the stability of an operational amplifier. 


DIFFERENTIAL AMPLIFIER—An amplifier consisting of two active ele- 
ments (i.e., transistors) and their load resistors which form the two legs 
of a bridge. 


DIFFERENTIAL MODE OPERATION—Application of a signal between the 
two inputs of a differential amplifier. 


DIFFERENTIAL VOLTAGE GAIN (A,)—In a differential amplifier, the 
ratio of output voltage to the differential input that causes it. 


DIGITAL CIRCUITS—Circuits that use off and on states (two different 
voltage levels) to represent some quantity or operation. 
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IMPORTANT DEFINITIONS (Continued) 


GYRATOR—A combination of operational amplifiers and appropriate resis- 
tors and capacitors used to simulate the property of inductance. 


INPUT BIAS CURRENT—The average current drawn by the two input 
circuits of a differential amplifier with no signal applied. 


INPUT OFFSET CURRENT—The difference in input currents required to 
produce zero output voltage in a differential amplifier with no signal 
present. 


INPUT OFFSET VOLTAGE—The difference in input voltages required to 
produce zero output voltage in a differential amplifier with no signal 
present. 


INVERTING CONFIGURATION—An operational amplifier in which the 
input signal is applied to the inverting input, and the output is therefore 
an inverted form of the input, or out-of-phase with the input. 


LEVEL TRANSLATOR—A circuit included in an operational amplifier to 
prevent an undesired shift in dc level due to the direct coupling between 
stages. 


LINEAR CIRCUITS—Circuits in which the electrical signals vary in propor- 
tion to the quantities they represent. Also referred to as ANALOG 
CIRCUITS. 


MONOLITHIC PROCESS—A process of fabricating integrated circuits in 
which all elements are formed on or within a single piece of semicon- 
ductor material. 


NONINVERTING CONFIGURATION—An operational amplifier in which 
the input signal is applied to the noninverting input, and the output is 
therefore in phase with the input. 


OFFSET DRIFT—The change in input offset current or voltage due to a 
change in operating temperature. 


OPEN-LOOP CONFIGURATION—An operational amplifier operated with- 
out feedback. 


OPEN-LOOP GAIN (A,)—The gain inherent to an operational amplifier. 
This is the gain it provides with no feedback applied. 


OPERATIONAL AMPLIFIER—A high gain, direct-coupled amplifier cap- 
able of performing some desired operation as determined by its external 
circuitry, in most cases consisting of a negative feedback system. 
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IMPORTANT DEFINITIONS (Continued) 


OUTPUT OFFSET VOLTAGE—The no-signal voltage produced at the 
output of a differential amplifier as a result of mismatch between the 
elements of the amplifier. 


SAMPLE AND HOLD CIRCUIT—An analog storage device. An externally 
controlled switch applies the input signal to a low leakage capacitor 
during the sampling interval. At the end of this interval the switch 
disconnects the input signal, and the capacitor “holds” the charge that 
existed at the end of the sample time. 


SCALING ADDER—A summing amplifier in which the input signals are 
“weighted” by applying them through unequal input resistors. 


SLEW RATE—The maximum rate at which the output of an operational 
amplifier can change to follow an input change, expressed in volts per 
microsecond. 


SUMMING AMPLIFIER—An operational amplifier in which two or more 
input signals are applied to the inverting input. The amplifier effectively 
adds these signals to produce an output (inverted) equal to their sum. 


VOLTAGE FOLLOWER—An operational amplifier in which the entire 
output is fed back to the inverting input, resulting in a gain of 1, or unity. 


ZERO CROSSING DETECTOR—A circuit that develops a pulse each time 
the input signal passes through zero. 
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R, +R R, 
ee yt R: R; (1) 
Cc R, or 1 + R, 
. EBS (2) 
Ac = R, 
Ae KS (3) 
= — ea + a 
Eo (@) E, (| 
R 
Eo = (E: — By) a 
1 
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19. 


20. 


PRACTICE EXERCISE SOLUTIONS 


. In an analog circuit, the electrical action is ‘‘continuous” so that the 


electrical signals vary in proportion to the quantities they represent. In a 
digital circuit, the electrical signals switch on and off to represent the 
desired quantities. 


. Economy, reliability and close matching of component characteristics. 


. False—Large values of resistance and capacitance are difficult to produce, 


and practical inductance values are almost nonexistent in monolithic IC’s. 


. The cost of additional diodes and transistors is negligible. 
. True 

. (b) ratios of values. 

. True 


. This terminal permits injection of an external control signal to control the 


gain of the amplifier. 


. (b) zero. 

. True 

. R, tends to keep the total emitter current constant. 
. (b) decrease. 

. common mode rejection 

. Offset. 

. False—lIt is called input bias current. 

. (a) high. 

. 8 


. These resistors produce degeneration which reduces the maximum gain of 


the circuit but provides more uniform gain over the operating frequency 
range. 


False—An emitter follower is characterized by a high input impedance and 
low output impedance. 


Q;; Q, 
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21. 


22. 


23. 


24. 


25. 


26. 


Pas 


28. 


29. 


30. 


31. 


32, 


Say 


34. 


SRE 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


(b) minimum. 

Q, serves as a constant current source. 

An operational amplifier is basically a high gain, direct-coupled amplifier. 
(b) negative feedback from the output to the input. 

(b) inverted. 

False—Feedback is not used in the open-loop configuration. 

(b) 1. 

True 

—10.—The gain of an inverting op amp is equal to the ratio of feedback 
resistance (R,) to input resistance (R,). The minus sign indicates the 
inversion produced by this configuration. 

The value of the input resistor (R, in Figure 22D). 

True 

compensating networks 

(a) high. 

(b) low. 

True 


The level translator compensates for shifts in operating points due to the 
direct coupling between amplifier stages. 


True 


The greater the degree of compensation, the more limited the output 
voltage swing if the frequency is beyond the 3-dB down point. 


(a) higher input impedance. 
True 
The voltage follower has a higher input impedance. 


False—The gain of a voltage follower is 1. 
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De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 1405 A 
ONE OF THE EXAMINATION 


(Bette Howe ScHoots CHECK SHEET 


1, A- LINEAR INTEGRATED CIRCUITS ARE SOMETIMES REFERRED TO AS -- ANALOG CIRCUITS, 
Linear integrated circuits are used to produce or process electrical signals which vary in proportion to 
some quantity and may therefore be referred to as analog devices. 


2. C- TWO COMPONENTS THAT ARE DIFFICULT TO CONSTRUCT IN INTEGRATED CIRCUIT FORM 
ARE -- INDUCTORS AND TRANSFORMERS, 
Discrete inductors or transformers are normally used in conjunction with integrated circuits. 


3. D- THE DIFFERENCE IN INPUT VOLTAGES REQUIRED TO PRODUCE EQUAL COLLECTOR | 
VOLTAGES IN THE CIRCUIT SHOWN IN FIGURE 5 IS REFERRED TO AS THE -- INPUT OFFSET 

VOLTAGE, 

The input offset voltage is an important parameter whicl. can be used to evaluate the operation of the 

differential amplifier shown in Figure 5 or any other differential amplifier circuit. 


4, C- AN IDEAL OPERATIONAL AMPLIFIER SHOULD HAVE -- AN INFINITE INPUT IMPEDANCE 
AND A ZERO OUTPUT IMPEDANCE, 

A practical operational amplifier will have an extremely high (but not infinite) input impedance and an 
extremely low (but not zero) output impedance, 


5. B- THE CIRCUIT SHOWN IN FIGURE 22B HAS -- A GAIN OF APPROXIMATELY ONE, OR UNITY, 
This circuit is a voltage follower; therefore, the output voltage follows the input voltage applied. 


6. D- THE CIRCUIT SHOWN IN FIGURE 22C WILL PRODUCE AN OUTPUT SIGNAL THAT IS -- IN 
PHASE WITH THE INPUT SIGNAL, 

The noninverting operational amplifier circuit shown in this figure produces no phase shift but it can 
provide a high degree of amplification, 


7. D- THE VOLTAGE GAIN OF THE CIRCUIT SHOWN IN FIGURE 22D IS DETERMINED BY THE -- 
RATIO OF R2 TO Rj. 

It is the ratio of Rp to Rj, not their specific values, that determines the gain of the inverting amplifier 
circuit shown, 


8 D- THE CIRCUIT SHOWN IN FIGURE 41 -- EFFECTIVELY ADDS THE TWO INPUT SIGNALS AND 
PRODUCES A SINGLE OUTPUT SUM, 
The circuit is commonly referred to as a summing amplifier. 


9. A- AN OPERATIONAL AMPLIFIER COMPARATOR CIRCUIT IS USED TO -- COMPARE A 
REFERENCE VOLTAGE WITH AN INPUT VOLTAGE, 

The output of the comparator circuit varies between +VCcc, —Vcc and zero to indicate when the input 
voltage is greater than, less than or equal to the reference voltage, 


10, D- THE AMPLITUDE OF THE TRIANGULAR WAVEFORM PRODUCED BY THE INTEGRATOR 
CIRCUIT SHOWN IN FIGURE 44 CAN BE EFFECTIVELY CONTROLLED BY -- CHANGING THE VALUE 
OF THE CAPACITOR, 

By changing the value of the capacitor, the time constant of the circuit can be made longer or shorter 
with respect to the period of the input squarewave signal, 
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Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


LESSON CODE 


A philodendron is a type of 


(A) tropical fish. (B) tropical bird. 


7405A (C) arctic marsupial. (D) tropical plant. 


2 


HUW = UUW 


Linear integrated circuits are sometimes referred to as 
(A) analog circuits. (B) switching circuits. (C) digital circuits. (D) modulator circuits. 


Two components that are difficult to construct in integrated circuit form are 
(A) transistors and low-value resistors. (B) resistors and capacitors with low values. (C) inductors and 
transformers. (D) transistors and low-value capacitors. 


The difference in input voltages required to produce equal collector voltages in the circuit shown in Figure 5 
is referred to as the 


(A) input bias voltage. (B) output offset voltage. (C) input offset drift. (D) input offset voltage. 


An ideal operational amplifier should have 
(A) a gain of one or unity. (B) a zero input impedance and an infinite output impedance. (C) an infinite 
input impedance and a zero output impedance. (D) a zero common mode rejection ratio. 


The circuit shown in Figure 22B has 
(A) an extremely high gain. (B) a gain of approximately one, or unity. (C) an extremely low input 
impedance. (D) an extremely high output impedance. 


The circuit shown in Figure 22C will produce an output signal that is 

(A) 180° out-of-phase with the input voltage. (B) 90° out-of-phase with the input voltage. (C) always 
smaller than the input signal. (D) in phase with the input signal. 

The voltage gain of the circuit shown in Figure 22D is determined by the 

(A) open-loop gain of the integrated circuit. (B) value of Rz only. (C) value of R; only. (D) ratio of Re to 
Ri. 

The circuit shown in Figure 41 

(A) has a voltage gain that is determined by the ratio of Rg to Ry. (B) has a voltage gain that is 
determined by the ratio of R; to Rg. (C) effectively determines the difference between the two input 
signals. (D) effectively adds the two input signals and produces a single output sum. 

An operational amplifier comparator circuit is used to 

(A) compare a reference voltage with an input voltage. (B) add a reference voltage to an input voltage. 
(C) compare two input voltages and produce an output voltage that is equal to their sum. (D) compare 


two reference voltages and produce an output voltage that is equal to their sum. 
The amplitude of the triangular waveform produced by the integrator circuit shown in Figure 44 can be 


effectively controlled by 
(A) changing the value of the 9.1 kQ resistor. (B) changing the value of the 100 kQ resistor. (C) using an 
amplifier with a higher open-loop gain. (D) changing the value of the capacitor. 


LINEAR INTEGRATED CIRCUITS 


PRACTICE EXERCISE SOLUTIONS (Continued) 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


The sinewave component will have a smaller amplitude.—In an inverting 
configuration, the gain is equal to the feedback resistance divided by the 
input resistance. 


(a) an integrator. 


This resistor limits high-frequency gain so that noise pulses at the input do 
not receive excessive amplification. 


gyrator 
True 


The output of the operational amplifier is the negative saturation voltage 
(the maximum negative voltage swing) of the op amp. 


This diode limits the positive output swing to +3.5 volts, and the negative 
output swing to —0.7 volt. 


False—Slew rate decreases as the degree of compensation increases. For 
comparator applications, an uncompensated amplifier is preferred. 


(b) a voltage follower. 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


: A philodendron is a type of 
(A) tropical fish. (B) tropical bird. 


(C) arctic marsupial. (D) tropical plant. 


Linear integrated circuits are sometimes referred to as 
(A) analog circuits. (B) switching circuits. (C) digital circuits. (D) modulator circuits. 


Two components that are difficult to construct in integrated circuit form are 
(A) transistors and low-value resistors. (B) resistors and capacitors with low values. (C) inductors and 
transformers. (D) transistors and low-value capacitors. 


The difference in input voltages required to produce equal collector voltages in the circuit shown in Figure 5 
is referred to as the 


(A) input bias voltage. (B) output offset voltage. (C) input offset drift. (D) input offset voltage. 


An ideal operational amplifier should have 
(A) a gain of one or unity. (B) a zero input impedance and an infinite output impedance. (C) an infinite 
input impedance and a zero output impedance. (D) a zero common mode rejection ratio. 


The circuit shown in Figure 22B has 
(A) an extremely high gain. (B) a gain of approximately one, or unity. (C) an extremely low input 
impedance. (D) an extremely high output impedance. 


The circuit shown in Figure 22C will produce an output signal that is 

(A) 180° out-of-phase with the input voltage. (B) 90° out-of-phase with the input voltage. (C) always 
smaller than the input signal. (D) in phase with the input signal. 

The voltage gain of the circuit shown in Figure 22D is determined by the 

(A) open-loop gain of the integrated circuit. (B) value of R2 only. (C) value of R; only. (D) ratio of Re to 
Ri. 

The circuit shown in Figure 41 

(A) has a voltage gain that is determined by the ratio of Rg to Ry. (B) has a voltage gain that is 
determined by the ratio of R, to Ro. (C) effectively determines the difference between the two input 


signals. (D) effectively adds the two input signals and produces a single output sum. 
An operational amplifier comparator circuit is used to 


(A) compare a reference voltage with an input voltage. (B) add a reference voltage to an input voltage. 
(C) compare two input voltages and produce an output voltage that is equal to their sum. (D) compare 


two reference voltages and produce an output voltage that is equal to their sum. 
The amplitude of the triangular waveform produced by the integrator circuit shown in Figure 44 can be 


effectively controlled by ' 
(A) changing the value of the 9.1 kQ resistor. (B) changing the value of the 100 kQ resistor. (C) using an 
amplifier with a higher open-loop gain. (D) changing the value of the capacitor. 
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This laboratory automatic crossover power supply is designed for rack- 
mounted operation. It features metered voltage and current adjustments of 
0-2000 volts and 0-100 mA. Monitor lamps indicate whether the supply is in 


voltage or current regulating modes. 


Courtesy Kepco, Inc. 
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The world hates change, yet it 
is the only thing that has brought 
progress. 

—Charles F. Kettering 


REGULATED POWER SUPPLIES 


Most electronic equipment requires operating voltages which must remain 
essentially constant. The output of an ordinary power supply varies with 
changes in input voltage or changes in load conditions. A supply of this type 
is not suitable for applications where operating voltages and currents must 
remain constant. For constant voltage or constant current applications, 
regulated power supplies are used. 


A _regulated-power supply has added regulator circuits that prevent changes 
in_output that might otherwise occur. Most regulated supplies start with 
output voltages that are higher than needed, and then reduce the outputs to 


the desired values. The amount of reduction may be varied to compensate 
for other changes. 


The output voltage of the basic (unregulated) power supply depends on the 
ac line Voliage-applied io input: When the age one ee 
high voltage applied to the rectifier increases the direct voltage produced at 
the output terminals. When the ac line voltage decreases, the direct voltage 
output is reduced. Variations in load current will also cause the output 
voltage of the supply to vary. An undesired quantity that affects the output is 
the alternating voltage component that passes through the filter and causes a 
steady pulsation in the direct voltage output. The alternating component is 
known as ripple voltage, and causes improper operation of any electronic 
instruments that require an unvarying supply voltage. 


THE BASIC POWER SUPPLY 


Figure 1 is the schematic diagram of a type of power supply in common use 
today. This circuit employs a power transformer, a full wave rectifier, anda 
capacitor input, pi-type filter. The secondary winding of the power trans- 
former is center tapped and the ac voltages across sections A and B are 
equal. This causes silicon diodes D, and D, to conduct equally on alternate 
half cycles of the input voltage. 


The amplitude of the dc output voltage, Eo, depends mainly on the design of 
transformer T,. If we assume that the voltage across each section of the 
secondary 18 10 volts (rms), the theoretical maximum value of Ey is 10 x 1.4 
= 14 volts de. 


A power supply is normally designed to supply a certain load current at its 
rated output voltage-tf the load Trent is relatively constant, the 6 
voltage stays reasonably constant, and a basic power supply like that of 


Figure | would be suitable. 
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In most electronic equipment, the load conditions change considerably 
during operation. When this happens, the output of the supply, Eo, also 
changes slightly. In general, when load current increases, Ep decreases, and 


when load current decreases, Eo increases. The amount 0 é€ in Eo 
ee ae a Se ae ee 

caused by a given change in toad current is called regulation, or more 
specifically, Ioad regulation. eee * 


The output voltage may also change if the input ac voltage changes. In 
general, if the input voltage does affect the output, when the input voltage 
increases, Ey increases, and when the input voltage decreases, E, decreases. 
To distinguish it from load regulation, n, this changein Eo d due to an ac input 


apes enero a 


change is called line regulation. Re halite 


a 


Both of these types of regulation are important in selecting and using power 
supplies. Wide changes in supply voltage could prevent the load equipment 
from operating, and in certain situations, might even lead to destruction of 
the equipment. 


VOLTAGE REGULATION 


The voltage regulation of a power supply determines how much change in 
output voltage occurs when a given change in load current, line voltage, or 
some other controlling factor occurs. Because load regulation is the most 
common form of regulation, let’s examine it first. 


Fe ein coing fiom anurloatet condi by comparing the change in Ey 
that-occurs.in going from an unloaded condition to pals loaded condit ion. 


This change is expressed-as-a-percen entage, by Equation i PE eal 
% Reg = Eno LOADER Erutt LOAD « 100 (1) 


Fruit LOAD 


In a perfect power supply, the output voltage would remain |_ constant 
pe ess Shanyehange in load current. For example, if Eo in Figure 1 is 14 


volts under no-load conditions, and remains 14 volts when the supply is 
providing full-load current, the percentage of regulation is: 


yA Reg — Eno OAD eam Fruit LOAD yx 1(Q0 


Fruit LOAD 


Ww 4 Sul 
14 


x 100 = 0%. 


We see, then, that perfect regulation_is 0%. For comparison, suppose that 
et errant yo 
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Zint ae 


the output voltage drops from 14 volts to 10 volts when full load is applied. 
The regulation is, using Equation 1: 


% Reg = Eno LOAD Eruu LOAD x 100 


Fruit LOAD 


_ 14 = 10 
10 


x 100 = 40%. 


Perfect regulation is impossible to achieve, but a good power supply is 
designed to have as low a percentage of regulation as possible. 


Some of the factors which can affect_regulation of the power supply 


i a ee eS a ee 3 5 ° 
"| ure | are the resistance of the T, and L, windirigs, the core losses of 
T, (flux leakage, eddy current losses, hysteresis loss), and the forward con- 


supply, the circuit of Figuré I can be shown as in Figure 2. In this practical 
example, we will consider the condition of minimum load current being 
drawn to be equivalent to the no-load condition. Here, the no-load output 
voltage is Es, while all of the loss factors are lumped into the internal 


impedance, Zin. These factors, with the load resistance value, determine 
the load current, I,. 


Es 


tees 
Zint se Ry 


(2) 


To analyze Figure 2, let’s use some specific values. For example, let Es = 15 
volts, Zing = 1000 and R, = 1.4 kQ. In this case, the load current is: 


(ee a Bai he 15 ee 0 mA! 
Zint aR R, 


100 2 14K SK 


With 10 mA of load current, the voltage lost across Zin; iS 1 volt and Eo is 14 
volts. The regulation is: 


% Reg = Eno LOAD a Eruu LOAD x 100 


Fruit LOAD 


_ 15-14 
14 


= 100 = 7.14%. 


If this same power supply is connected to a load resistance of 4000, the load 
current is: 


Zin to Ry 00 400") SK 


With 30 mA of load current, the voltage lost across Z;n; is 3 volts and Eg is 12 
volts. The regulation is: 
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% Reg = Eno LOADI RE Epuu LOAD x 100 


Erutt LOAD 


1512 
12 


x 100 = 25%. 


We see, then, that another important-speeification-of a power supply is the 
LL a rR TIEN oe oe a For the power supply 
just analyzed, if the maximum load current is spécified as 10 mA, the % of 
Regulation can be specified as 7.14%. However, if the maximum load current 
is specified as 30 mA, the % of Regulation must be specified as 25%. 


internal impedance as iS practical. This is accomplished by using a 
high-quality power trans r choke and by using low-loss 
rectifiers, such as silicon diodes. In certain applications however, even the 


use of quality components does not improve the regulation enough and 
additional circuitry must be used to improve the regulation further. 


Zint 


0 


One_simple way to improve power supply regulation is by connecting a 

_bleeder resistor, Rg, as shown in Figure 3. This bleeder resistor is a 
permanent part of the power supply and remains connected at all times. To 
analyze the effect of the bleeder resistor, let’s assume that Es = 15 volts, Zin 
= 1000 and Rg = 4000. With no load connected, the sum of Z;,; and Rx 
allows a bleeder current, Iz, of 30 mA. The voltage lost across Zp; is 3 volts, 
and the no-load Eo is 12 volts. 


When a load resistance of 1.4K ohms is connected across the power supply 
output terminals, the parallel resistance of R,; and Rg, is about 311 ohms. 
Added to the 100 ohms of Z;,;, the total impedance across the power supply 
is 411 ohms, the current through Z;,; is about 36 mA, the voltage lost across 
Zint iS about 3.6 volts, and E, decreases to 11.4 volts. The regulation now is 


% Reg x Eno LOAD —Epuu LOAD x 100 


Eryut LOAD 


Pen enai lA 
11.4 


x 100 = 5.26%. 


We see, then, that adding R, to the power supply improves the regulation 
from 7.14% to 5.26%. A‘further improvement can be effected by making Ry 
the ratio of bleeder current to loa current, the better the power supply 


regulation. 


a abe 2 ee 
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An obvious fault of the bleeder ipation, 
W egrades the_e the supply. To provide a noticeable 
{mprovement in regulation, the bleeder current must be large, but because 
this current is bypassed around the load, it is lost as far as the load is 
concerned. Also, the bleeder has little, 1 on line regulation, which 
may be an important factor in some equipment. In general, the bleeder 


resistor is an effective r ting device only in low-power systems, 
operating from stable ac sources where close regulation is not required. 


VOLTAGE REGULATORS 


To meet the demands of modern electronic equipment where changes of a 
fraction of a volt may completely upset circuit operation, special voltage 
regulator circuits must be added to the power supply. These circuits sense 
any attempted change in output voltage and counteract the change, holding 
the output essentially constant. So effective are these regulators that power 
supplies with regulation percentages of less than 1% are common. 


Itage regulators are classed as S ies regulators, de ne. ON 
LOAD the positio ment with respect oad. These two 


classes of regulators are illustrated by the simplified diagrams of Figure 4. In 

each circuit, the unregulated output, Eyy, of a power supply is applied to the 

SERIES ae ads regulating element and resistor R, in series. The element between the 

unregulated supply and the output terminal must “‘pass”’ the load current, 

Figure and is therefore called the pass element. In Figure 4A, R, is the pass element. 
4 In Figure 4B, the regulator is the pass element. In either circuit, out. 


voltage Eo is the difference between Eyy and the voltage drop across the pass 
dlement. lh, 


LOAD 


Figure 4A is the basic shunt regulator circuit. In this circuit, the regulating 
element is in shunt (parallel) with the load. Thé regulating element is shown 
as a variable resistance. Its function is to vary its resistance to compensate 
for any changes in either load conditions or input voltage so that Ej remains 
constant. 


In Figure 4A, Eo is the difference between Evy and the voltage drop across 

esistor R,. To provide load regulation, the NEN element 
must maintain a constant current through R, so th 2 
remain . FOr exam oad current increases by 1 mA, tt 
regulator current must decrease or the same amount (1 mA) to maintain the 
net current through R, constant. 


To provide line regulation in this circuit, the regulating element must vary 
the current thro ; sO that the voltage across R, varies b y the same Same 
sla oe eh A a spe? aboot debce GaP A each 
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This compact power supply is designed for use with integrat- 
ed circuits. It provides 5 volts output at 5 amperes maximum 
load current with a load regulation of 0.05% and line 
regulation of 0.005%. 


Courtesy Electrostatics, Inc. 


amount as any change in Epy. For example, if Eyy increases by 1 volt, the 


regulating element must increase the current through R, so that the voltage 
across R, also increases by 1 volt. The increase in Eyy is “absorbed” by R, 
and does not appear at the output. 


In the series regulator of Figure 4B, Ey, again divides between the regulating 
element and R,. But, in this instance, output voltage Eo is the difference 
between Evy and the voltage drop across the regulating element itself. In this 
circuit, the load current passes through the regulating element, which means 
that the voltage across this element is proportional to the load current. If the 
load current increases, the resistance of the regulating element must 
decrease so that the voltage across it remains constant. With Ey, constant, 
and the drop across the regulating element constant, E, must also remain 
constant. 


If Epy increases, the regulating element of Figure 4B must increase its 
resistance just enough to hold the current constant. With an increase in input 
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REGULATED POWER SUPPLIES 


voltage, and a constant current, the voltage drop across the regulating 
element increases by the same amount as the increase of input voltage. The 
output, Eo, is therefore unchanged. 


The circuits of Figure 4 illustrate the basic principles of voltage regulation. 
We will now consider these circuits in more detail to see how they are 
implemented in practice. 


Shunt Voltage Regulator 


Earlier, the basic shunt regulator was described as a variable resistance in 
parallel with the load. In discussing Figure 4A, we observed that the 
regulating element must somehow change its resistance to compensate for _ 
changes-in Toad current or supply voltage. A semiconductor that has this 
ability, “and ts-widely—used-for-justthis purpose, is the zener diode. 


ee nares ane 


aerators neon amns 29 scene eee IS 


The basic operation of the zener diode was discussed in an earlier lesson. 
However, we will again examine the special features of this device which 
make it a valuable regulating element. You learned earlier that the zener 
diode is capable of conducting a certain amount of reverse current when a 
certain reverse voltage is applied between its anode and cathode. When 
operating in an area called its zener region, it can produce large changes in 
reverse current in response to small changes in reverse voltage. Looking at it 
another way, large changes in reverse current produce very little change in 
BOC i a a 


Vai VOLTS) 


H 
a 
= 
= 
The curve of Figure 5 shows the reverse conduction characteristic of a 
particular type of zener diode. The value of the voltage that causes the 
sudden increase of reverse current, called the zener voltage, V,, is about 9.9 
volts. When measuring the characteristics of a zener diode, the manufac- 
turer increases the reverse voltage slightly beyond V, to obtain a specified 
Figure amount of reverse current. In Figure 5, the reverse voltage is increased to 
> obtain 5 mA of reverse current. The value of this voltage (10 volts) is then 


specified as the zener test voltage, and is labeled V7, in Figure 5. Many other 
types of zener diodes are manufactured with a wide range of reverse voltage 
ratings and reverse current ratings to suit almost any requirement. 


Now we will see how the zener diode can be used to provide voltage 
regulation. Figure 6 shows a zener diode connected as a shunt regulator. The 
diode is reverse biased by Eyy, the unregulated output of a power supply. To 
analyze the circuit action we will assume typical circuit values and see how 
the circuit responds to changes in load current or input voltage. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


THE BASIC POWER SUPPLY 


VOLTAGE REGULATION 


VOLTAGE REGULATORS 


. The power supply of Figure 1 is usually satisfactory when the (a) load 


resistance varies a great deal, (b) load current varies a great deal, (c) load 
resistance and load current are fairly constant. 


. A power supply with 5% regulation is better than one with 10% regulation. 


True or False? 


. The no-load output voltage of a power supply is 24 volts while the full-load 


output voltage is 20 volts. What is the % of Regulation? 


4. What components determine the internal impedance of a power supply? 


. The power supply shown in Figure 1 will most likely provide a (a) higher 


output voltage if the ac input voltage increases, (b) lower output voltage if 
the ac input voltage increases. 


. In Figure 3, the regulation of the power supply is improved when (a) the 


resistance of R, is decreased, (b) the resistance of R, is increased, (c) the 
resistance of Z;,; is increased. 


. Maintaining a constant output voltage even during changes in ac input 


voltage is called (a) line regulation, (b) load regulation. 


. What are the two basic classes of voltage regulators? 


. In a voltage regulator, the element that carries the load current is called 


the ___—————Cs element... 
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10. If the load current increases in the shunt regulator of Figure 4A, the 
current through the regulating element must (a) increase, (b) decrease, (c) 
remain the same to prevent a change in Eo. 


11. If Eyy decreases in the series regulator of Figure 4B, the voltage drop 
across the regulating element must____——————_to hold E, constant. 


e 


We will assume that the unregulated input voltage, Eyy, of Figure 6 is 
variable from 25 to 30 volts and it is desired to obtain a regulated voltage, Eo, 
of 10 volts. We will also assume that zener diode D, has the characteristics 
shown in Figure S, and that R, is a 1K ohm resistor. 


With no load (R,; disconnected), the reverse current of D, is 1S mA. This 
causes the voltage across R, to be 15 volts, Eyy to be 25 volts, and Ep to be 
10.2 volts. Now, if a load, R,, of 1K ohm is connected across Eo, the load 
current through R,; is 10 mA, the regulated output voltage across D, 
decreases slightly to 10 volts, the reverse current through D, decreases to 
5 mA, but the total current through R, remains constant at 15 mA. We see, 
then, that a change in load current of 10 mA causes a change in Eg of only 0.2 
volt, and the regulation is: 


% Reg == Eno LOAD = Erut LOAD x 100 


Fruit LOAD 


_ 10.2 — 10 


x 100 = 2%. 
10 “i 


In addition to compensating for changes in load current, the zener diode also 


tes for changes in the unregulated voltage, Eyy. For example, 
assume that the circuit of Figure 6 is operating normally with a load 
resistance of 1K ohm, Ej of 10 volts and Eyy of 25 volts. Assume further that 
an increase in the line voltage to the unregulated power supply causes Eyy to 
increase from 25 volts to 30 volts. In this case, the reverse zener current 
increases from 5 mA to 10 mA, causing the voltage across R, to increase 
from 15 volts to 20 volts. As a result, the regulated output voltage, Eo, 
remains at 10 volts. 


As good as a zener diode appears to be, there are limits to its capabilities 
which must not be exceeded. A zener diode having the characteristics of 
Figure 5 must not be used in a circuit where the reverse current will exceed 
15 mA. This particular zener diode is designed to provide 15 mA or less of 
shunt current, and a reverse current in excess of 15 mA will cause the diode 
to overheat, resulting in its destruction. Other zener diodes are available that 
have increased reverse current capability. 


In general a shunt regulator offers relative simplicity which results in 


Seu ueun ct cost and physical size. However, the regulating element-draws 


le the supply, causing a power loss that lowers the 
a eas 
supply’s efficiency. Also, the output voltage is restricted to a fixed value 


determined by the voltage characteristics of the zener diode used. This type 
of regulator is commonly used in low-power applications where a fixed, 
stable dc voltage is required. Examples of this are a bias stabilizer for 
transistor circuits or a stable reference voltage for more elaborate regu- 
lators. 
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REGULATED POWER SUPPLIES 


Figure 
7, 


Series Voltage Regulator 


the-series_regulator system illustrated in Figure 4B is the overwhelming 
choice of power supply desrgiers tor modern electronic equipment. Taking 
Sdvantage of advances Ti semiconductor technology, designers have ex- 
panded the simple principle of series regulation to provide power supplies 
with stable outputs in operating voltage ranges from a fraction of a volt well 
into the kilovolt regions. 


_In_a series regulator, the output voltage is compared to a reference voltage 
and any variation-4n-output is used to control the conduction of the pass 
element. This idea is demonstrated ia cinple Tommi eane potters fh 
‘In this circuit, transistor Q, is the pass element, and zener diode D, provides 
the reference voltage. Output voltage E, is compared to the reference 


voltage to control the conduction of Q,. 


The basic operation of the Figure 7 circuitry is straightforward. The 
regulated output voltage, Eo, is equal to the voltage across the zener diode, 
D,, minus the base-to-emitter voltage of the pass transistor, Q,. Any 
attempted change in the regulated output voltage, Eo, causes a change in the 
Q, base-to-emitter bias that causes the Q, conduction to change by the 
proper amount to hold Ey almost constant. 


To illustrate the circuit’s action, let’s assume that the unregulated voltage, 
Epny, is 35 volts, the zener diode voltage is 20.7 volts, the Q, base-to-emitter 
voltage is 0.7 volt, the Q, collector-to-emitter voltage is 15 volts, and Ep is 20 
volts. Now, let’s assume that Eyy decreases to 30 volts. Because of this, Ep 
will attempt to decrease also. However, as Eo decreases from 20 volts to 19.9 
volts, the Q, base-to-emitter voltage increases to 0.8 volt, the conduction of 
Q, increases, and the Q, collector-to-emitter voltage decreases to 10.1 volts, 
holding Ep at 19.9 volts. We see that a change of 5 volts in Eyy caused a 
change of only 0.1 volt in Eo. 


Like any other circuit, the regulator of Figure 7 has its limitations. This 
circuit has been selected to supply a load current of 0.5A at an Ej of 20 volts 
with a Q, base current of about 10 mA. To obtain stable operation, the 
current through the zener diode, D,, should be several times larger than the 
Q, base current. Therefore, D, is selected because its zener voltage is 20.7 
volts with 30 mA of current through it. Since the zener diode current and the 
Q, base current are through Rg, the total current through R, is about 40 mA 
and the voltage across R, is about 14 volts. 


Since the regulator is designed to supply a maximum load current of 0.5A at 
an Ey of 20 volts, the load resistance, R;, should not be less than 40 ohms. 
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A series of regulated power supplies designed for use with 
various semiconductor circuits is shown. Line and load 
regulation are both within 0.25%. Multiple pass transistors 
are used to provide safe operation at powers up to 120 watts. 
Courtesy Tele-Dynamics Wanlass 

Division of AMBAC 


Resistor R, is merely a current limiting resistance added to the circuit i 


event the output d. During normal 
operation, R, has very little effect on the circuit and could be omitted. R; is 


oes ° . fo epee} 
used to prevent E, from rising to an excessive value if R, is removed. The 


current through R, during normal ion is small enough to be disre- 


garded. 


Previously, we mentioned that good voltage regulation is obtained when the 
internal impedance of the power supply is very low. For the supply of Figure 
7, a 500 mA change in load current (from no load to full load) causes Eg to 
change about 0.8 volt. The internal impedance of this supply can be 
determined by using the following equati 
ae 

Zant i a126 

Al, 


This equation simply states that the internal impedance (Z,,;) is equal to the 
change in output voltage (AEj) divided by the change in load current (AI, ). 
By substituting actual values into this equation we get: 


Zint = 


io.) 


= 1.6 ohms. 


in| 


The power supply therefore effectively has an internal impedance of 1.6 
ohms. 
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The regulation of the supply can also be determined as follows: 


op Reg = Evo LOAD Eruu LOAD yx 1(0 


Fruit LOAD 


— 20.8 = 20 , 1099 = 4%. 
20 


For some applications, the regulator of Figure 7 is quite satisfactory. 
However, if lower internal impedance and better regulation are required, it is 
necessary to add an amplifier to the circuit. a 


The block diagram in Figure 8 shows how the amplifier is added to a series 
regulator. A sample of the output voltage, Ep, and a constant reference 
voltage are applied to an error amplifier. Any change in Eo is amplified and 
used to control the conduction of the pass transistor which, in turn, holds Ey 
nearly constant. 


The schematic diagram of a series regulator which utilizes an error amplifier 
is shown in Figure 9. Any change in Eo, caused by a change in load current 
or a change in Epy, is applied through R, to the base of Q,. The amplified 
error signal appears at the Q, collector and Q, base, where it controls the 
conduction of Q, to hold Ey nearly constant. Potentiometer R, is used to 
adjust Ep, to any specified voltage from 20 to 30 volts dc. Voltages shown at 
the transistor elements are measured with respect to the negative output 
terminal and are for an Eo, of 25V dc. 


To analyze the regulator of Figure 9, it is helpful to understand why the 
various components were selected. First, the amplitude of E, and the 
maximum value of I, are selected. In this example, Ey is chosen to be 25V dc 
and the maximum I, is 500 mA. For an to function 
properly, the unregulated voltage must be greater than the regulated voltage. 

iS means that a power supply like Figure 1 can be usé i 
unregulated voltage, Eyy, of 40V dc. 


Next, a pass transistor is chosen for Q, that is capable of supplying 500 mA 
of collector current and has a fairly high forward current gain. The 2N3054 
transistor provides 500 mA of collector current and has an h,, (forward 
current gain) of 50. Therefore, the base current of Q, is 10 mA. 


Next, the error amplifier, Q,, must be capable of supplying a collector 
current that is equal to about twice the Q, base current, or 20 mA. The 
2N3242A transistor provides this 20 mA of collector current. Because it has 
an hye of at least 100, it requires only 0.2 mA of base current. 
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Next, the zener diode, D,, is selected to provide both the Q, collector current 
of 20 mA and twice this value (40 mA) through R, so that changes of Q, 
collector current will have very little effect upon the zener voltage, and the 
Q,. emitter voltage will remain constant. The zener voltage can be anywhere 
between 10 and 15 volts and still allow a suitable operating voltage to appear 
across Q,; therefore, a 1N4742 zener diode was selected. This diode 
provides about 12.2 volts at 60 mA (20 mA through Q, and 40 mA through 
R,). 


Determining some resistor values comes next. Since the voltage dropped 
across R, is 28 volts (Ez, = Eun — Ep, = 40 — 12 = 28), and the current 
through it is 40 mA, R, is 700 ohms. 


During normal operation of the regulator, it is desirable for the Q, base 
voltage to remain nearly constant. This means that changes of Q, base 
current must be accompanied by equal and opposite changes of Q, collector 
current so that the current through R, remains constant at about 20 mA. 
Since the current through R, is 20 mA and the voltage across R, is about 15 
volts (Ex, = Eun — Ep, = 40 — 25 = 15), R, is 750 ohms. 


Previously, we mentioned that the Q, base current is about 0.2 mA. An 
examination of Figure 9 shows that this base current is through R; and R,. 
To prevent changes of Q, base current from having any effect upon the 
voltage at the movable contact of R,, the bleeder current through the voltage 
divider (R3, R, and R;) should be about 20 times the value of the Q, base 
current. Therefore, the bleeder current should be about 4 mA. With an Eo of 
25V dc, the bleeder resistance is 6K ohms. This 6K ohms is then divided 
between Rs, R, and R; so that the voltage at the base of Q, is slightly greater 
than the Q, emitter voltage. This arrangement permits small adjustments in 
the Q, base current and insures that Q, is not damaged from excessive base 
current. The actual voltage values are shown on the schematic diagram. 


Now that we have an idea of the voltages and currents in the regulator 
circuit, let’s deliberately vary the load current and analyze the changes that 
occur to hold Ey nearly constant. Suppose that a load resistance of 100 ohms 
is connected across the regulator output terminals, so that the output current 
is 250 mA. Now, disconnect the load resistance so that the output current 
drops to zero and the only current being supplied by the regulator is the 
bleeder current. 


When the load resistance is disconnected, the output voltage, Eo, starts to 
rise. This causes the voltage at the movable contact of R, (and at the Q, 
base) to rise. Since the Q, emitter voltage is held constant, the increase of 
Q, base voltage increases the Q, base current which, in turn, increases the Q, 
collector current. The increased Q, collector current increases the voltage 
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drop across R, which decreases the Q, base-to-emitter voltage. This causes 
the Q, base current to decrease which causes the Q, collector current to 
decrease by the same amount that the load current decreased and also 
causes the Q, collector-to-emitter voltage to increase. The increased Q, 
collector-to-emitter voltage opposes the increase in Ej and forces the Eo to 
remain nearly constant. 


controls Eo as the unregulated input voltage, Eyy, changes. The circuit action 
is about the same as for changes in load current. When the unregulated input 
voltage increases, Ep starts to increase. As a result, the following changes 
occur: the Q, base voltage increases and causes the Q, base current to 
increase. This, in turn, causes the Q, collector current to increase which 
causes the voltage across R, to increase. The Q, base voltage therefore 
decreases and causes the Q, base current to decrease, which, in turn, causes 
the Q, collector current to decrease. This means that the Q, collector-to- 
emitter voltage increases and Ep, is forced to remain nearly constant. 


PASS 
TRANSISTOR 


Figure 10 


The regulator of Figure 9 is suitable for many applications. The error 
amplifier, Q,, makes it sensitive to relatively small changes in Ey. The 
sensitivity can be improved further by using a differential amplifier as the 
error amplifier, as shown in Figure 10. Here, Q, and Q, form an emitter- 
Soupled differcattal amplifier, with the base of Q, held at the reference 
potential by the reference voltage developed by D,. The sample of Eo is 


applied to the base of Q, from the movable contact on output voltage control 
potentiometer R,. 


The error signal at the collector of Q, is fed to a conventional dc amplifier 
whose output drives the pass transistor. The advantage of this arrangement 


is the inherent high sensitivity and stability of the differential amplifier. It is 
often used in la = €gulated supplies, where very accurate 
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regulation is essential. It is also very common in integrated circuit regu- 
lators, which we will consider later in this lesson. 


Another common method of increasing sensitivity is the use of a Darlington 


amplifier i in the pass stage. In Figure IT, transistor Q; has been added to the 


circuit of Figure 9 to form a Darlington amplifier with Q,. The rest of the 
circuitry and the overall operation of the circuit are essentially the same as 
in Figure 9. 


pee advantage of the emir amplifier i is its nen current gain. This This high 


The Darlington amplifier is also used to control larger amounts of load 


current. To supply additiona current, a higher current transistor must — 


be used for Q, and the source of unregulated voltage must also be capable of 
supplying the additional current. The actual resistance values, the zener 
diode type and the transistor types are selected in the manner previously 
explained for Figure 9 and are dependent upon the desired values of Ey and 
load current. 


In commercial regulated power supplies, a variety of additional features may 
be found. For example, to double the current handling capability of the 
regulator of Figure 11, another transistor of the same type is connected in 
parallel with Q,, as shown in Figure 12. To be sure that equal currents are 
handled by Q, and Q,,, current sharing resistors Rg and Rg, are connected 
into the emitter circuit. The inverse feedback caused by Rg, and Re, 
counteracts any small difference of characteristics in the two transistors and 
causes their collector currents to be approximately equal. 


Current handlin ity is a prime factor in most power supplies. Multiple 
paralleling of pass transistors can be used to satisfy the load current 
requirements. In fact, some regulated power supply manufacturers provide 
terminals on their units to permit the user to add his own pass transistors 


externally. T ck is that, for adequ r dissipation, these 


ass transistors must have suitable heat sinks. — 


The output of the series regulators previously discussed can only be 
adjusted over a limited range (or “‘slot’’) of voltages. However, this limited 
range of adjustment is satisfactory in many applications. In fact, most 
general purpose power supplies are constructed in this manner. In some 
applications however, it is important to be able to adjust the output for very 
low voltages or even down to zero. Adjustment to zero is an important 
feature in some laboratory power supplies which are used to determine the 
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This regulated supply is designed for plug-in mounting. 
Among its features are a separate referenced voltage supply 
to improve operating stability. 

Courtesy Acopian Corporation 


characteristics of various electronic components and to test the operation of 
a variety of circuits. 


In Figure 9, the zener diode used as the ce limits the lower 
voltage level of the output, since the output must at least equal the zener 
Sa he 
voltage of the diode: mag PRIS: 


To overcome this limitation, the reference voltage is often obtained from a 
separate power supply, as shown in Figure 13. The error amplifier used in the 
circuit is a differential amplifier similar to the one shown in Figure 10. The 
circuit functions as follows. The reference supply causes a small current 
through resistors R, and R,, and the voltage developed at the junction of 
these two resistors provides one input to the error amplifier. The other input 
to the error amplifier is obtained from the positive side of the regulated 
power supply. The error amplifier compares these two input voltages to 
produce an error signal that controls the conduction of the pass transistor, 
Q,. When the reference supply is set to a specific voltage, the error amplifier 
produces an output error voltage which changes Q,’s conduction so that the 
output voltage (Eo) is raised or lowered to the desired value. 
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The output voltage at the power supply shown in Figure 13 can therefore be 
varied _by_si 1 eference supply voltage. This reference 


Vv i j a_ separate low-voltage regulated powér 
supply which operates from a separate winding of the power transformer of 


the unregulated supply. This method allows a relatively low-voltage refer- 


ence source to control a substantially higher output voltage. Normally, 
power supplies of this type are designed so that the output voltage is directly 
proportional to the reference voltage. Therefore, the output voltage can be 


. Se dh 
reduced to ) zero by simply reducing the reference-valtage to zero. 
eer A 


The output voltage of the power supply shown in Figure 13 can also be 


controlled, to a lesser extent, by varying the resistances of R, or R>. If either 


Fa Nita iad Bain teed it cla 
of these resistors changes in value, the voltage at their junction will change. 


This will change the error voltage, which will cause Q, to change the output 


voltage. P ies whi is type of rare usually designed 


so that the output voltage is directly proportional to the value of R, and 
inversely proportional to the value of Rj. a0 


The control of any pow means of an external co is 


commonly referred to as programming, although the term ‘“‘remote program- 
ming” is also used.-Power supplies that feature a remote programming 
capability are usually equipped with suitable terminals or connectors which 
make it easy to apply or remove external control voltages or resistances. The 
controlling voltage or resistance is usually connected to the power’supply 
through wires, and it may be located a considerable distance from the power 
supply. Remote programming makes it possible to place the power supply 
very close to the equipment that must receive power, and at the same time 
control the supply from a remote location which is convenient for the 


operator. 


An extremely important factor to consider ina ipe-of-series regulator is— 


pe eee the pass transistor. We mentioned earlier that 
the output voltage of a series regulator is the difference between the 
unregulated supply voltage and the voltage drop across the pass transistor. 
“Tie circuit must be designed so That this VoITSGe drop never exceeds. the 
maximum Vc, rating of the pass transistor. In a power supply that provides a 
hea Guest eee transistor operates at relatively 
small values of Voz. However, if the power supply is adjustable over a wide 
range of output voltages, this voltage drop may become rather large. 


When it is intended that programming of the output voltage causes large 
changes in the output voltage, a technique called preregulation is used to 


revent the voltage drop across the pass transis xces- 


sive. In most applications of this technique, a monitoring circuit senses 
changes in the pass transistor voltage drop and drives circuitry that causes 
the unregulated input voltage to the regulator to vary. If the output voltage is 
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reduced by changing the setting of an output control, then the value of Epy is 
automatically reduced, resulting in only a small change in voltage drop 


across the pass transistor. In effect, pr n 
of the input voltage and the co i ircul ides fine 
regulation, using the prere eas its input. 

—_—— = nese sap 


SCR 
CONTROL 
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TRANSISTOR 
Eo 
REFERENCE ERROR 
VOLTAGE : AMPLIFIER 


Figure 14 shows a power supply that uses one type of preregulator circuit. 
The voltage across the pass transistor is monitored by an SCR control circuit 
whose output signal controls the firing points of the pair of SCR’s used as 
rectifiers in the unregulated power supply. (An SCR fir oint is the instant 
when the gate signal’s volta itude sad oidceiaioser thswievice tots 
conduction.) The control circu vances or retards the firing point 
of the SCR’s as the voltage drop ) across the pass transistor attempts to in- 
crease or decrease. This changes the amplitude of Eyy in such a way that 


the preregulator action minimizes changes in the pass transistor voltage 
drop. 


Figure 14 


The preregulation technique is especially useful for adjustable and program- 
mable power supplies, although it is also desirable in fixed voltage power 
supplies where large changes in line or load conditions may occur during 


operation. Its main advantage illustrated by the example above, is that it 
maintains a reasonably constant voltage drop across istor. The 
normal regulator then provides close-tolerance regulation of the output 


voltage of the power supply. 


In low-power regulators, preregulation may take the form of a simple zener 
diode regulator preceding the series regulator. The preregulator stabilizes 
the input to the regulator so that variations such as power supply ripple are 
minimized. This type of preregulation is useful in stabilizing bias voltages 
and currents so that the operating level of the regulator is not affected by 
input transients. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


12. 


13. 


14. 


15. 


16. 


M7, 


18. 


19. 


20. 


21. 


22. 


pe 


VOLTAGE REGULATORS 
SHUNT VOLTAGE REGULATOR 


SERIES VOLTAGE REGULATOR 


To obtain regulation, a zener diode is connected in series with the load 
resistance. True or False? 


The zener diode functions as a variable 


When using the zener diode of Figure 5 in the circuit of Figure 6 (R,; and 
R, are 1K ohm each), what is the maximum value of E,,y that can be safely 
regulated by D,? 


In Figure 7, what is Q, called? 

In Figure 7, when Eyy increases, what happens to the conduction of Q,? 
In Figure 9, what is the function of D,? 

In Figure 9, what is the function of Q.? 

In Figure 9, what currents are carried by R2? 


In Figure 9, what happens to the Q, base current when the load resistance 
is changed from 100 ohms to 50 ohms? 


In Figure 10, the reference signal is applied to the base of _____ and _ the 
output voltage sample is applied to the base of __. 


The arrangement of Q3 and Q; in Figure 11 is called a 


In Figure 11 assume that the h;, of Q, is 50 and the h;. of Q; is 60. What is 
the total h;. of the Darlington amplifier? 
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Why is the reference voltage obtained from a separate supply in Figure 13? 


If Eo is adjusted to a lower level in Figure 14, the preregulator senses the 
attempted V.; increase of the pass transistor and reduces the supply 
voltage to the regulator. True or False? 
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Switching Regulator 


The regulators described up to this point may be referred to as linear 
regulators because the pass transistor conducts continuously over its linear 
operating range. This means that the transistor is dissipating power continu- 
ously, which reduces the efficiency of the power supply. We have noted that 
large requirements for power dissipation can also make it necessary to use a 
number of pass transistors in parallel, and to include elaborate heat sinking 
arrangements. 


To reduce the dissipation problems andimprove-+egulator efficiency, a type 
Of regulator called the switching-regulator—is-used_in_many high-power 
applications. In the he switching regulator, the pass transistor serves as a 
switch that transfers energy from the unregulated supply to the load circuit. 
The switching action is controlled by the amplitude of the output voltage and 
a switching circuit that drives the pass transistor switch. A type of switching 


circuit driver that is often used is an oscillator, whose switching times are 
- determined by the amplitude of an input error signal from the power 


supply’s output voltage. 


SWITCHING L 
4 TRANSISTOR lS 


ce 


REFERENCE — 
VOLTAGE —— 


Figure 15 


Figure 15 illustrates the basic operating principle of the switching regulator. 
The pass transistor (switching transistor) is used to supply energy from the 


unregulated supply to the Toad. Energy is stored in choke [during the 
on-time of the swi | tor. When the switching transistor is off, the 
provides an inductive kick which supplies energy through the diode to 


maintain the load current. In effect, the switching transistor supplies pulses 
of load current which are filtered by the inductor and capacitor. Switching 
frequencies of 5 kHz to 20 kHz are common. This results in rather 
high-amplitude ripple voltage, but it is not too difficult to filter properly 
because of its high frequency. However, it does make mandatory the use of 
capacitors that can adequately filter high-frequency signals. 

) 


The ee action is controlled by feedback from an output sensing 
circuit. The feedback from the output sensing circuit determines the width 
aie SSS eT —,,0O o_O: 
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A high-efficiency supply incorporating switching regulators is 
shown. This supply is available in voltage ratings from 4 to 28 
volts, with power ratings from 308 to 375 watts. Load 
regulation is better than 0.1% for load changes from 15% to 
100% of rated output, and 0.15% for load changes from 0 to 
15% of rated output. 

Courtesy Hewlett-Packard 


~of each pulse of the oscillator switching circuit which, in turn, determines 
° ee OL Se ee 


the on-time of the switchi oe ee 


— 


If Ey decreases, the output voltage from the output sensing circuit causes 
the switching circuit to increase the width of the driving pulse at the 
switching transistor base. The on-time of the switching transistor then 
increases to supply more energy to the choke which increases the output 
voltage. When Eo increases, the on-time of the switching transistor is 
decreased to provide less energy to the choke and thus reduce Eo. 


Pulse width modulation is a popular method of control in switching 
regulators. Variable frequency oscillators are also used, with the feedback 
voltage controlling the oscillator frequency, and thus the rate at which the 
pass transistor switches on and off. Other switching regulators use a 
high-sensitivity circuit to compare the output of the regulator with a fixed 
reference source and switch the pass transistor on and off according to the 
changes in output level. Because of the manner in which these regulators 
function, the choke, diode and filter capacitor are found in all switching 
regulators. 


While switching regulators were used initially at higher operating voltages, 
from several hundred volts into the kilovolt range, they have also become 
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popular in lower voltage power supplies, including those designed for 
semiconductor circuits, because of the savings in physical size and power 
dissipation. The switching regulator features extremely high operating 
efficiency because the switching transistor is either off or in saturation at all 
times. Therefore, very little power is dissipated across it, compared to the 
high-power dissipation of the linear power supply pass transistor that has a 
relatively large, constant collector-to-emitter voltage drop. Depending on 


the actual conduction time, efficiencies of 90% be realized with 
I ee rieors. compared’ ocelinienbien- af.25%. 10-50% for tmear 


regulators. Because of this reduced operating power, the pass transistor 
dissipation requirements, including heat sinking, are reduced considerably. 
Switching regulators usually operate at high frequencies (5 to 20 kHz) to 
simplify filtering and permit use of a smaller choke. The initial cost of-a 
switching regulator may be greater than that of a corresponding linear 
regulator in some applications, yet it may actually offer economy by 
eliminating the necessity of using the multiple pass transistors and elaborate 
heat sinks of the linear regulator. 


CURRENT REGULATION 


Up to now, all of the power supplies that we have discussed are designed to 
maintain a nearly constant output voltage as the load resistance and load 
current change. However, there are other situations where it is desirable to 
maintain a constant load current as the load resis GES. 


a 


The theory of current regulation is quite simple and is illustrated by the 
circuit of Figure 16. To start, let’s assume that R, is set to 50 ohms and R, is 
selected to be 50 ohms. Since the sum of R, and R, is 100 ohms and the 
unregulated voltage source Eyy is 10V, the load current I, is 


[ee DUNE ee OMe TA 100 mA. 


PREPRESS sOe S100 


Now, if R, is increased from 50 ohms to 60 ohms, it is merely necessary to 
decrease R, from 50 ohms to 40 ohms to maintain the load current constant. 
Also, if Ry is decreased from 50 ohms to 40 ohms, it is merely necessary to 
increase R, from 50 ohms to 60 ohms to again maintain the load current 
constant. 


Going to extremes, for an R, of 100 ohms, R, is set to zero ohms; for an R, of 
zero ohms, R, is set to 100 ohms. We see that in Figure 16, as the load 
resistance varies, an automatic equal variation of R, in the opposite direction 
maintains a constant load current of 100 mA. 


If we assume that R, is automatically adjusted in the proper direction to 
maintain I, at 100 mA as R, is varied, the output voltage, Eo, will vary from 
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zero to 10 volts as R, is varied from zero to 100 ohms. Under these 
conditions, the internal impedance of the current regulator would be infinite. 
This can be proven by substituting actual values into the internal impedance 
equation as follows: 


This equation shows that when the change in output voltage (AEj) equals 10 
volts and the change in load current (AI,,) equals zero, the internal 
impedance (Z,n;) must be infinite (%). However, this situation can occur only 
in an ideal current regulator which can maintain a load current that is 
absolutely constant. In a practical regulator, a small change in load current 
must always occur, giving the regulator a definite, but extremely high, 
internal impedance. 


Analyzing Figure 16 further shows that there is a very definite limit to the 
regulating ability of the circuit. The circuit is limited to values of R,; from 
zero to 100 ohms. For values of R, in excess of 100 ohms, the regulation 
ceases and the load current will decrease as R, is increased. The limits of 
Figure 16 can be changed by changing the original design. For example, if 
Eun is changed to 100 volts and R, is changed to 1K ohm, a constant load 
current of 100 mA can be maintained for all values of R,; from zero to 1K 
ohm. The important point is that all t regulators have a limit that is 
determined by the désign of the circuit and this limit must not be exceeded. 


In order to make Figure 16 practical, it is necessary to replace R, with a 
device whose resistance automatically varies in direct opposition to varia- 
tions in R,;. A simple way of doing this is shown in the circuit of Figure 17. 


Here, D, and D, are silicon diodes that have a forward voltage drop of 0.7V 
each for a total of 1.4 volts across both in series. Thus, the Q, base voltage is 
fixed at 1.4 volts and does not vary. The resistance of Rg was chosen so that 
the current through the diodes is several times greater than the Q, base 
current, and variations of Q, base current do not affect the Q, base voltage. 


To analyze Figure 17, remember that the circuit has been designed to 
maintain the load current, I,,, constant at about 100 mA for variations in load 
resistance, R,, of zero to 100 ohms. Assuming that R, is set to 50 ohms, and 
neglecting for the moment the relatively small base current of Q,, the 100 
mA of I, through resistor Rg also causes the Q, emitter voltage to be +0.7 
volt (with respect to ground). The 100 mA of load current through R, causes 
Ey, to be 5 volts and the Q, collector voltage to be +7.0 volts. 


When R, is changed from 50 ohms to 100 ohms, the load current through R;, 
and Rg, attempts to decrease. However, a decrease of current through Rg 
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causes a decrease in the Q, emitter voltage, which increases the Q, base 
current, which increases the Q, collector current to almost its original value. 


When R, is changed from 50 ohms to zero ohms, the load current through R,;, 
and through Rg attempts to increase. For these conditions, an increase in the 
Q, emitter voltage decreases the Q, forward bias, which decreases the Q, 
base current and decreases the Q, collector current to almost its original 
value. 


The regulating ability of the circuit of Figure 17 is not perfect and a slight 
change in load current does occur as R, is varied. The actual amount of load 
current change is determined by several factors, ‘the most important of 
| - The larger the 
valteor Rand the greater The Taran eurrent gain of Q,, the Betreris the 
regulating ability of the circuit. However, as the value of Rg is increased, the 
value of the regulated load current decreases. This can be offset, in turn, by 
using an unregulated voltage source that has a greater output voltage. 
Notice, in Figure 17, that the unregulated voltage source, Epy, is greater than 
the unregulated source of Figure 16. This is necessary to compensate for the 
voltage lost across the regulating circuit since the resistance of the regulating 
circuit can never be reduced to zero ohms. 


Although the circuit of Figure 17 is used for some applications, the 
arrangement of Figure 18 is more common. The two circuits are almost 
identical in operation with the major difference being the location of R, with 
respect to the regulating circuit. In Figure 17, R;, is connected in series with 
the Q, collector, while in Figure 18, R, is connected in series with the entire 
regulating circuit. An_adyantage of the Figure 18 circuitry is that avsRpis 
connected to a common ground point in the circuit, while this is not true in 


OO aie ee ee ee op 
Figure 17: ——_ 
——— 


The arrangement of Figure 18 shows that the entire regulating circuit 
(enclosed in dashed lines) is in series with the load resistance. Therefore, to 
be a regulator, it must act as a variable resistance just like R, of Figure 16. In 
any current regulator, as in Figure 18, a current-sensing element (such as Rs) 
is used to monitor the load current. In more sophisticated current regulators 
that use additional stages of amplification, the current-sensing element may 
be located in another part of the circuitry. However, Rs must always be 
connected so that it does monitor the load current. 


In most current regulators, Rs is connected in series with the full-load 
current. It is important, therefore, that the wattage rating of Rs be great 
enough that the heat it produces does not cause a resistance change. (In 
commercial regulators, the wattage rating of Rs is chosen to be about ten 
times the wattage that it is actually dissipating.) 
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The current regulators of Figure 17 and 18 are suitable for use in noncritical 
applications where near-perfect regulation is not required. To improve their 
regulating ability, precision power supplies such as those used in laboratory 
applications include an error amplifier with the same basic arrangement as in 
the voltage regulators described previously. By amplifying the small voltage 
across the current-sensing resistor, the circuit offers a high sensitivity to 
small current changes, and therefore, much better regulation than the 
circuits shown in Figures 17 and 18. 


Figure 19 shows a current regulator which utilizes a differential error 
amplifier. Note the similarity between this circuit arrangement and the 


voltage regulator of Figure 13. The difference is in the sensing meth nd 


the reference voltage connection. In most cases the current regulator 


“requires more error signatamplification than a voltage regulator because of 


the extremely small signal voltage which appears across its sensing resistor 
(Rs). This resistor may have a value of only 2 or 3 ohms (to minimize its 
effect on load current) and its voltage drop for a load current of 100 mA 
would be only 200 or 300 millivolts. 


In Figure 19, the error amplifier senses changes in the difference between the 
reference voltage and the voltage drop across Rg, and supplies a corrective 
signal to the base of Q,. For example, if load current tries to increase, the 
conduction of Q, is decreased to hold the load current to its initial value. The 
reference voltage is usually variable to permit adjustment of the regulating 
level. 


Notice that the output voltage, Eo, varies as the circuit regulates load 
current. For example, if the internal resistance of the pass transistor is 
increased to cause a decrease in load current, the voltage drop across the 


Voltage and current regulators exhibit opposite characteristics, as shown by 
the curves of Figure 20-In Figure 20A. we see the output voltave of a perfect 
voltage regulator, supplying a constant E, for all loads. This curve is a 
straight horizontal line from an open-circuit load (zero I,) to a short-circuit 


load (infinite I,). Since the change in Ep is zero for any change in I,, the 
internal impedance of this perfect supply is zero. 


The constant current curve of Figure 20B is a straight vertical line, 
representing zero change in current for all changes of E, from zero to 
infinity. Since the change in I, is zero, the internal impedance of this supply 
is infinite. 
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Power supplies are rarely designed to provide current regulation only. Most 
supplies that include a current regulator also include a voltage regulator. The 
circuits for both types of regulators are very similar. 


AUTOMATIC CROSSOVER SUPPLIES 


By combining the outputs of the error amplifiers of a voltage regulator 
circuit and a current regulator circuit, a pass transistor can be driven to 
provide a constant voltage or constant current output. An automatic 


crossover supply is a power supply that will provide either voltage regula- 
tion or current regulation of its output. fe eedeyar sesulation (either 
ea sictettdepordatnlloe: eantioeneys is, and { thé supply will automati- 
operation that is determinéd by ing of ifs output controls. A typical 
jutomatic-crossover Supply may-be-tepresentedby Figure 21. 


a Over y Figure 21. 


Notice that the pass transistor, Q,;, is controlled by a driver amplifier 
controlled by an OR gate which is, in turn, controlled by two error 
] ty ut sign he pas: 
tor is allowed to regulate in only one mode a a Ge 


The input voltages applied to the error amplifiers are usually obtained from 
appropriate networks which sense the output voltage and current provided 
by the power supply. The networks also include controls which are used to 
adjust the input voltage levels applied to the error amplifiers. These controls 
make it possible to set the exact point at which the output from each 
amplifier will take control of the pass transistor. In other words, the 
reference inputs to the error amplifiers are adjusted to set the desired 
limiting levels for current and voltage control. This automatically sets the 
maximum output voltage (Eo) and load current (I,,) that the circuit provides. 
It also establishes a crossover point at which the circuit will switch between 
the constant voltage and constant current modes of regulation. 


The OR gate is usually nothing more than two two emitter- -coupled transistors, as 
Shown in Figure-22-- The-transistor which receives the ‘larger input voltage 


assumes control and forces the other transistor to cut off. The output of the 


OR circuit is taken from the common emitter resistor; therefore, the 


controlling (co i istor determines the amplitude of the output 
See ENG OSE eee ON theta additions 


driver amplifier is used to step up the ou 
drive the pass transistor. 
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ohms), the curren i kes control of the regulator since its 


To illustrate the action in this circuit, the constant voltage and constant 
current curves of Figure 20 are combined in Figure 23. The reference current 
level is assumed to be set to 0.5 ampere and the reference voltage level to 50 
volts. Once the controls are set, the action of the regulator will depend on 
the load resistance connected across the Eo terminals. 


by dividing the reference value of EGO volts) by the reference value of I, 
(0.5 ampere). When the load resistance is greater than_thi i: 

ode. When the load resistance exceeds the crossover resistance, the 
sensed value of I, is below the reference current level, making the output of 
the current error amplifier small, and therefore blocking it in the OR gate. 


The output from the voltage error amplifier assumes control at this time 
since it is larger. 


If the load resistance is less t o 100 
output becomes larger. The voltage error amplifier signals are therefore 
blocke gate, and the load current is held constant by the current 
regulating action. 


The automatic crossover supply is fr overload load conditions 


from open to short circuit. If the voltage and current regulators are carefully 
designed, the voltage and current curves are practically straight lines, and 
regulation is excellent in both the voltage and current modes. 


The Si SA al a oI Oe For 
example, the dashed vertical line in Figure 23 shows the effect of reducing 
the current level setting to 0.3 ampere and leaving the voltage level setting at 
50 volts. This shifts the crossover resistance to approximately 166 ohms. 
The supply now operates in the voltage mode for all load resistances from 


open circuit down to 166 ohms, and in the current mode for load resistances 
from 166 ohms to a short circuit. 


Crossover regulation is used in most laboratory-type supplies. To give an 
indication of the operating mode, signals from the error sensors can be fed to 
indicators on the panel of the power supply. 


PROTECTIVE CIRCUITS 


Protective circuits are an important part of modern regulated power 
supplies. The power supply itself must be protected from the effects of 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


VOLTAGE REGULATORS 
SWITCHING REGULATOR 
CURRENT REGULATION 


AUTOMATIC CROSSOVER SUPPLIES 


In a switching regulator, the pass transistor serves as a to 
control the transfer of energy from the unregulated supply to the load. 


In Figure 15, the diode conducts when the switch is (a) on, (b) off. 


If the output voltage of a switching regulator attempts to decrease, the 
on-time of the switching transistor must increase to keep the output at the 
desired level. True or False? 


What is the main advantage of a switching regulator compared to a linear 
regulator? 


In Figure 16, R, is chosen to be 25 ohms. What must be the resistance of R, 
to maintain the load current constant at 100 mA? 


In Figure 17, what is the function of D, and D,? 
In Figures 17 and 18, what component is the current-sensing element? 


The internal impedance of a perfect current regulator is zero. True or 
False? 


In an automatic crossover supply, what determines the crossover point? 


In an automatic crossover supply, if the load resistance is less than the 
crossover resistance, the circuit operates in the voltage regulating mode. 
True or False? 


In the current limiter of Figure 24, the voltage drop across 
determines the limiting action. 
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37. Current limiting occurs in Figure 24 when D, (a) conducts, (b) does not 
conduct. 


38. The curve of Figure 27 illustrates a form of current limiting called 
limiting. 


1) 


excessive load current. Conventional fuses and circuit breakers provide a 
certain amount of protection. However, the thermal characteristics of a fuse 
or the mechanical action of a breaker may not be quick enough to prevent 
the delicate junctions of semiconductor components from being damaged. 


Overvoltages can prove destructive to the load, and must also be considered 
in the protective scheme. Even a small overvoltage can result in destruction 
of the circuits connected to the supply. 


In addition, there is always the problem of overheating within the supply, 
which can occur where large load currents are involved. Sensing devices 
which shut down the supply in case of overheating are therefore an 
important consideration. 


Current Limiting 


A current limiting circuit senses the load current and operates to lower the 
automatic crossover power supply features automatic current limiting by 
virtue of its crossover into the current limiting mode when load current 


reaches the crossover level. Current limiting circuits can be added to other 
voltage regulators to provide similar action. 


Figure 24 shows a current limiter added to a voltage regulator similar to that 
of Figure 9. Limiting is provided by diode D, and current-sensing resistor tor Rs. 
The limiting Ievel is Set-by-the-vatue-of-R, and the forward conduction 
voltage of D,. Resistor R; can be made variable to permit adjustment of the 
limiting level. 


For load currents below the limiting level, D, does not conduct, and the 
circuit provides normal voltage regulation. If load current increases, there is 
a corresponding increase in voltage across R;. Wh 3 
reaches onduction voltage of D,, the diode conducts and 
applies reverse bias from R; to the base of Qi. This reduces the conduction 
of Q, to limit the load current. 


The limiting action is illustrated by the curve of Figure 25. Here, the normal 
voltage regulation is shown by the almost straight horizontal part of the 
curve for load currents from zero to over 2 amperes. Limiting occurs at this 
point, as shown by the sharp drop in the curve. The dropoff shows that the 
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A group of miniature power supply modules is shown. These 

units are available in a variety of operating voltage ranges 

between 5 and 28 volts, and feature automatic short-circuit 
protection. 

Courtesy Sorensen Company 

Unit of Raytheon Company 


output voltage decreases rapidly, due to the increase of internal resistance 
in Q, caused by the rising reverse bias across R;. Normal operation is 
restored when the cause of the overload is corrected. 


A-type of current limiting, called imiting, occurs in the 
circuit of Figure 26. During normal operation, Q, is reverse biased by the 
voltage across R, and therefore has no effect on the operation. Pass 


transistor Q, regulates the output voltage in the usual manner, under control 
of the signal from the error amplifier. 


If load current increases, the voltage across R, increases. At the limiting 
Jevel, the voltage across R, exceeds the voltage across R,, and the Q, 
‘pecolnes torvard' Biased’ When O; conducts sthe’bace 60), GiCCrne ame 
through the Qz collector-emitter junction to the negative side of Rj, which 
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reverse biases Q,, cutting it off. This rapidly decreases the output voltage 20 
and-current to insignificant values. 16 

@ 12 

So 8 
A_typical- foldback curve is illustrated in Figure 27, As in Figure 25, the = | 
normal voltage regulation is indicated by the horizontal line for load a 
currents, from zero to approximately 2 amperes. The foldback occurs at this 004 08 12 16 2.0 24 28 32 
point, rapidly reducing the output voltage and load current. The advantage Se eed lA 
of this system is the quick removal of the current and voltage to protect the Figure 
load-and-regulator circuits. Normal operation is réstored-when the overload 27 
is remoyed. 
Overvoltage Protection 

Fy 


Just as the power supply requires protection from load failures that cause 
excessive current, the load must be protected from supply failures that can 
cause excessive output voltage. For example, a shorted pass transistor will REGULATOR TO 

apply the full, unregulated supply voltage to the load terminals. In many a ae 
circuits, this would result in destruction of the load components. 


Figure 
A simple, overvoltage protection device is illustrated in Figure 28. A zener 28 
diode is connected in series with a fuse across the regulator output 
terminals. The load is connected in parallel with the diode, which has a 
voltage rating just above the normal operating voltage of the circuit. 
Diode D, has no effect on circuit operation as long as the output voltage is +12VO 


normal. But if this voltage rises above the zener voltage, the diode conducts. 
This causes sufficient current to blow the fuse and disconnect the load from 
the power supply. TUS 


C| 
Although the simple arrangement of Figure 28 is effective, it it requires a * 


certain time for the fuse to blow, and this time lag may long enough to 
permit serious damage to the load. The circuit of Figure 29 provides much Figure 


quicker protection;-and-is-very popular in regulator units. This arrangement 29 


is called a “‘crowbar circuit.” 
Speers «AO 


The crowbar circuit is connected across the output terminals, but has no 
effect on operation as long as the output voltage is normal. Zener diode D, 
has a voltage rating slightly greater than the normal value of Epo. If the value 
of Eo rises above the rating of D, (15 volts), D, conducts through R,The— 
resultant voltage drop across R, forward biases SCR,, turning it on. When 
the SCR begins conducting, it shorts the output terminals anc and removes the 


voltage from the load. ——— 
See ee 
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Since the SCR shown in Figure 29 shorts the output terminals when it 
conducts, it is capable of conducting very high currents which could 
possibly damage the regulator circuit. This type of crowbar circuit is 
therefore used only with those power supplies that contain fast-acting fuses 
or appropriate current limiting circuitry. 


Once the SCR begins conducting, it remains on until its anode voltage is 
removed. This is simply a matter of turning off the supply, correcting the 
cause of the overvoltage, and turning on the supply again. 


Reverse Voltage Protection 


The arrangement of Figure 30 is used to protect the load and power supply 
from reverse voltages. Diode D, is a conventional silicon diode connected in 
the reverse direction across the output terminals of the supply. For normal 
voltages, the diode does not conduct and has no effect on the operation. 
When a reverse voltage occurs, the diode conducts and limits the reverse 
volta ut 0.7 volt, its forward conduction voltage. This arrangement 


Se ne en : 
must also be used with supplies that limit current or have fast-acting fuses. 


Thermal Protection 


One problem common to all power supplies is that of heat dissipation. 
Thermal overload protection is provided in some high-power regulators by 
the use of thermal cutouts that sense dangerous temperature levels and open 
the power supply output connections to prevent damage. The most common 


method of using thermal cutouts involves the cutout device to the heat sink 
of the pass transistor. If the heat sink temperature rises above a predeter- 
“iasdivate Ivette eel cutout opens, shutting down the power supply 
until there is sufficient cooling to deactivate the cutout. In some circuits the 


action also triggers an alarm, such as an indicator lamp, on the front panel of 
the power supply. 


As shown later in this lesson, integrated circuit regulators are usually 
designed with built-in thermal shutdown circuitry. These regulators com- 
monly use components with appropriate temperature coefficients as a means 
of guarding against problems related to heat dissipation. 


Applications of Protective Circuits 


Figure 31 is the schematic diagram of a regulator equipped with several 
protective circuits. This regulator is also of interest because it is arranged to 
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provide a negative output voltage. Compared to the regulators illustrated 
previously, the negative output voltage regulator requires reversal of the 
voltage sensitive components (diodes, transistors, etc.), but it is identical in 
all other respects to a positive output voltage regulator. Many regulated 
power supplies use combinations of positive and negative regulators, 
connected to separate supply sources, to provide the operating voltages for 
various circuits in the load. 


The regulator of Figure 31 is designed to provide a —5 volt dc output for 
circuits employing IC’s. The unregulated input is obtained from a —14 volt 
supply. Q, is the pass transistor, driven by amplifier Q,. The base of Q, is 
held at —5.1 volts by reference zener diode D,. The output voltage is 
sampled by a voltage divider consisting of D;, D, and R;. Since the forward 
conduction resistance of the silicon diodes causes a drop of approximately 
0.7 volt each, the emitter of Q, is 0.7 volt less negative than the negative 
output terminal of the supply. For normal operation, this places the Q, 
emitter at —4.3 volts. The —5.1 volt reference on its base forward biases Q,, 
to provide a path for the Q, base current. 


If Eo varies, the emitter voltage of Q, also varies in the same direction 
because of the constant volt drop across Ds. This changes the conduction of 
Q., which changes the Q, collector and Q, base voltage, which changes the 
conduction of Q,. 


Capacitor C, removes ripple in the regulated output, and capacitor C,, 
absorbs voltage spikes that may occur when a load is connected to, or 
removed from, the output terminals, providing a measure of overvoltage 
protection. 
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REGULATED POWER SUPPLIES 


These modular power supplies feature switching regulator 
circuitry to achieve high efficiencies and resultant high-power 
ratings with compact size. 


Courtesy Sorensen Company 
Unit of Raytheon Company 


Overvoltage protection is also provided by the crowbar circuit consisting of 
SCR, and D,. Zener diode D; has a voltage rating of 7.5 volts, and therefore 
does not conduct during normal operation. With no voltage drop across Ru, 
the gate and cathode of SCR, are at the same potential, and SCR, does not 
conduct. If Ep rises above —7.5 volts, D; conducts, and the resultant voltage 
drop across R, raises the SCR, gate voltage and SCR, begins conducting, 
shorting the load terminals, which protects the load. To restore proper 
operation the power supply must be turned off, the cause of the overvoltage 
corrected, and the supply turned on again. 


Diode Dg provides reverse voltage protection, as explained for Figure 30. If 
a positive voltage appears across the output terminals, the diode conducts to 
short out this voltage. Reverse voltage is limited to about 0.7 volt, the 
forward voltage drop across the diode. Diode D, protects against reverse 
voltage spikes as well as reverse voltages due to incorrect circuit connec- 
tions or circuit defects. 


Resistor R, holds the Q, collector current at a reasonable value for normal 
ranges of load current.-Short-circuit current limiting is provided by D,. For 
normal operation, this diode is rf € circuit voltages and it 
has no effect on operation. If the load terminals are shorted, diode D, 
conducts to form a current path around the pass transistor and limit the 
current to a safe value. 


A short circuit across the load tends to pull down (decrease) the supply 
voltage at the input to the regulator. While Q, tries to maintain the output 
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voltage, the decreasing voltage across R, and D, reaches a point at which D, 
drops out of its zener region. This causes Q, to cut off, which, in turn, cuts 
off Q,. With these transistors cut off, the load current must pass through a 
path consisting of R, and D,. R, limits the short-circuit load current to about 
150 mA and the output voltage to about 0.3 volt until the short circuit is 


removed. Thus, the circuit provides a form of current foldback limiting. 


INTEGRATED CIRCUIT REGULATORS 


Integrated circuits have had an important effect on the design of regulator 


systems. In some hybrid regulator systems, the sensing circuits and drivers 
are made up of integrated circuit amplifiers to provide savings in cost and. 


S1Zé. er_ad age is high stability, made possible by the 


anlage 
closely matched elements of IC chips. 


ee en ea mr NR 


Most IC manufacturers now include a variety of complete regulator circuits 
in their product lines. The power supply designer can select from the variety 
of IC’s available to produce pratically any type of regulator system desired. 
For some low-power applications, the complete regulator assembly may be 
contained in one integrated circuit package. For higher power service, the IC 
circuitry can be used to drive discrete pass transistors and other com- 
ponents. 


Figure 32 shows both a block diagram and complete schematic diagram of 
the MC1566/MC1466 integrated circuit regulator manufactured by Motorola. 
This versatile unit provides current and voltage regulation with automatic 
crossover at tolerances close enough to meet most laboratory standards. 
Line and load voltage regulation ratings are 0.01% + 1.0 millivolt, and 
current regulation is 0.1% + 1.0 mA. The current and voltage outputs are 
adjustable, and full short-circuit protection is provided. The unit is available 
in a standard TO-116 dual in-line package. 


In Figure 32, the functions of the various sections of the chip are identified 
by the block diagram above the schematic. The unregulated voltage applied 
to the input (pins 14 and 7) is preregulated by the internal voltage regulator to 
provide a highly stable reference voltage for all circuits in the regulator. The 
reference voltage source actually consists of a differential amplifier which 
controls a series pass transistor and its driver transistor, as shown in the 
schematic portion of Figure 32. Temperature stability is obtained by using 
temperature compensated zener diodes and forward-biased diodes in the 
base circuits of the two transistors (Q, and Q,) that make up this differential 
amplifier. The Q, collector voltage is applied directly to the base of tran- 
sistor Q;, whose output controls the pass transistor (Q,). The regulated 
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Figure 32 


voltage appearing at the emitter of Q, is then applied to the remaining 
circuits of the IC. 


The second section of the voltage regulator is a constant current source used 
to generate a reference voltage that is compared with the output voltage 
controlled regulator. The amount of constant current produced by the circuit 
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is determined by the value of an external resistor which must be connected 
between pins 12 and 2. Another external resistor is normally connected 
between pin 3 and circuit ground, and pin 3 is usually shorted to pin 8. The 
constant current produced by the circuit therefore flows through pin 3 and 
also through the external resistor. The voltage developed across this resistor 
serves as the reference potential and it is applied directly to the voltage 
control amplifier through pin 8. Since the current through this external 
resistor is constant, the reference voltage produced can be effectively 
changed by adjusting the value of the external resistor. 


The voltage control amplifier forms the third section of the IC. This circuit 
uses a differential amplifier to compare the reference voltage at pin 8 with 
the voltage at pin 9, which is connected to the circuit to be regulated and is 
the positive output terminal of the regulator. If the output voltage at pin 9 is 
higher or lower than the reference voltage at pin 8, the differential amplifier 
sends an appropriate control voltage from Q, collector to one side of the OR 
gate (fifth section), which causes the output amplifier (sixth section) to 
conduct more or less until the output voltage is equal to the reference 
voltage. The voltage control differential amplifier is protected from exces- 
sive differential voltage by two diodes and two resistors that are connected 
between pins 8 and 9. 


The remaining input to the OR gate is provided by the current control 
amplifier (fourth section). This circuit is almost identical to the third section 
voltage control amplifier. The purpose of the current control amplifier is to 
limit the output current of the regulator. The operation of this circuit is 
controlled by external resistors. The reference input, pin 10, comes from 
either a potentiometer’s movable contact or a junction point of a voltage 
divider connected between pins 9 and 12. The pin 11 input is connected to an 
external current-sensing resistor that is in series with the load. When 
changes of voltage are produced across the sensing resistor, the current 
control amplifier output at Q,,’s collector sends a control voltage to the OR 
gate. If this signal to the OR gate is larger than the signal from this voltage 
control amplifier, it becomes the OR gate output, causing the output 
amplifier to conduct less, limiting the output current. By adjusting the 
reference input voltage to the current control amplifier, the maximum output 
current supplied by the voltage regulator can be continuously varied over a 
wide range. 


The OR gate is simply an arrangement of diodes which combines the outputs 
of the voltage and current control amplifiers. The voltages applied to the OR 
gate determine whether the OR gate output voltage will cause the output 
amplifier to produce a constant (regulated) output voltage or a constant 
(limited) output current. 
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The output amplifier responds directly to the signal produced by the OR 
gate; however, the circuit is not designed to directly pass the output load 
current. Instead, the output amplifier is constructed so that it can control the 
operation of an external series pass transistor. Transistors Q,,; and Qy, 
provide a constant current temperature compensated source to transistor 
Q,;. The conduction of Q,; is directly controlled by the OR gate, and the Q,; 
collector output at pin 5 supplies the signal to the base of the external pass 
transistor. Any unwanted high frequencies may be suppressed by connect- 
ing a suitable feedback network between pins 5 and 6. 


UNREGULATED SUPPLY V,j=260V 
O 


Q2 


UNREGU- 
LATED 


INPUT MC I566 
25V 


REGULATED 
OUTPUT 


R E9=0-250V 
VOLTAGE a iL } 
ADU wmaoiee, 


ih 


8.55 kX 10kQ 


Figure 33 


Integrated circuit regulators, like the one just described, can usually be 
connected for a variety of applications. The methods of connection are 
usually given in the specification sheets supplied by the manufacturer. For 
example, the method recommended for connecting the MC1566/MC1466 
regulator to provide a 0 to 250-volt regulated output at 0.1 ampere maximum 
is illustrated in Figure 33. This circuit is arranged so that maximum output 
current is also adjustable from 0 to 0.1 ampere. This is accomplished by 
using a 500-ohm potentiometer to vary the voltage applied to pin 10 to 
control the operation of the current control amplifier in the regulator circuit. 
The maximum limit of 0.1 ampere is determined by the setting of the 5000 
potentiometer. The error signal to the current control amplifier is developed 
across current-sensing resistor Rs. A 250K ohm potentiometer is used to 
adjust the output voltage. The reference voltage developed across the 
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potentiometer varies in proportion to its resistance. The output voltage 
obtained is directly proportional to the reference voltage. 


Also notice that two external transistors are used to control the output of the 
regulator. The first transistor (Q,) drives the second transistor (Q,) Darling- 
ton fashion, to control the current and voltage supplied to the load (R,, in 
Figure 33). Although the MC1566 integrated circuit regulator operates at 
relatively low voltages, it is capable of indirectly regulating a much higher 
voltage (250 volts), as shown. This is possible because the current and 
voltage levels sensed by the integrated circuit regulator are only small 
differential input signals and the output amplifier stage is subjected only to 
the low voltages which exist at the emitter-base junction of the series pass 
transistors. 


The unregulated input voltage (25 volts dc) for the MC1566 integrated circuit 
regulator is usually a rectified and filtered voltage obtained from a low- 
voltage winding of a power transformer. A higher’ voltage winding on the 
same transformer could be used to provide the unregulated high voltage (260 
volts dc) which is applied to the external transistors. The high voltage would, 
of course, also be rectified and filtered. 


REMOTE SENSING 


In general purpose supplies, line and load regulation ratings of 0.1% are 
typical. Laboratory supplies are designed to provide precise voltages and 
currents that can be held almost constant despite large changes in line or 
load conditions. Regulation ratings on the order of 0.001% are featured in 
these supplies. 


The regulation we are mainly concerned with is the regulation at the load. 
In many instances, the power supply and load are integral units and the 
regulation at the supply terminals and at the load are one and the same. But, 
if the load is separated by some distance, the losses in the connecting wir wires 
Cail TeSUIt in a sizable difference between the supply voltage and load 
voltage. Then, t the regu regulator circuits may not accurately sense the load 
voltage to provide the desired control. 


One method of overcoming this problem is to remove the regulator from 
he power supply and place it at the load. This approach is practical with 


integra ircuit regulators, as already mentioned. Another method is to 
separate the sensing terminals from the load terminals of the suppl 
feature, C emote sensing, is provided in many power supplies. 
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In a remote sensing system, the load draws its operating current from the + 
and — load terminals in the usual way. The sensing signal that controls the 
regulator is fed from the load to the supply through a separate pair of leads. 
Because the sensing circuits operate at low current there is very little loss 
across these leads. Therefore, the sensing signal received by the regulator is 
a truer indication of the condition at the load. 


Power supplies that include this feature usually have a provision for 
selecting either remote sensing or normal sensing at the supply output. The 
selection is made by removable links or jumpers on the terminal strip. 


SUMMARY 


We have looked into the subject of regulated power supplies with an eye to 
the general principles of regulation and the basic circuits used to achieve 
good regulation. The actual circuits used in commercial units will, of course, 
vary according to the requirements of the system and the ingenuity of the 
designer. 


Regulated power supplies are often designed to provide either a constant 
output voltage or a constant output current; however, some power supplies 
are capable of doing both. Regulation is usually accomplished by using 
either a series- or a shunt-type regulator. Switching regulators are also used 
where maximum regulator efficiency is required. 


Remote programming is a feature available with many power supplies. With 
remote programming, the output level can be varied from a remote location 
by adjustment of a potentiometer or reference voltage source. This feature 
is desirable in industrial control or testing systems. 


Some regulated supplies are designed to provide a fixed output. This is the 
usual case when the supply is designed as an integral part of the unit to 
which it supplies power. Other supplies feature an output voltage adjust- 
ment and, in some cases, a current level adjustment for current limiting or 
current regulation. The ultimate in control is the laboratory supply, which 
provides precise voltages and currents for design and test applications. 


Protective measures are an important feature of every supply. The protec- 
tive circuits that we have described are used in various combinations to 
guard against destruction of the load and the supply. The more delicate the 
circuits, the more extensive the protective circuitry must be. The primary 
function of the overload circuit is to shut down the supply in the event of a 
defect; some units feature visual alarms to indicate failure. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


39. 


40. 


41. 


42. 


PROTECTIVE CIRCUITS 
CURRENT LIMITING 
OVERVOLTAGE PROTECTION 
REVERSE VOLTAGE PROTECTION 
THERMAL PROTECTION 
APPLICATIONS OF PROTECTIVE CIRCUITS 
INTEGRATED CIRCUIT REGULATORS 


REMOTE SENSING 


The circuit of Figure 29 is called a__————S—CS< irr cuit. 


What happens to E, in Figure 29 when SCR, conducts? 


How is the crowbar circuit of Figure 29 restored to readiness after the SCR 
has started conducting? 


D, of Figure 31 is used to provide current limiting. True or False? 


43. D, in Figure 31 conducts when E, reaches a voltage of volts. 

44. What is the purpose of transistors Q; and Q, in Figure 32? 

45. The voltage control amplifier is basicallya__. =~ ~~————s amplifier. 

46. The current control amplifier shown in Figure 32 is used to limit the output 
current of the regulator. True or False? 
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47. Resistor Rs in Figure 33 is used to limit the output voltage to 250 volts. 
True or False? 


48. The 250K ohm potentiometer in F igure 33 effectively varies the reference 
voltage of the regulator. True or False? 


REGULATED POWER SUPPLIES 


ESSENTIAL SYMBOLS AND EQUATIONS 


Es source voltage 

Eun unregulated voltage 

I, load current 

I, bleeder current 

Lint power supply internal impedance 


V;,. Vin input voltage, IC 


V, zener voltage 
Var zener test voltage 
% Reg = Exo LOAD Fru LOAD x 100 (1) 
Eruu LOAD 
Es 
(ae (2) 
23 Ry, 
7410 
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PRACTICE EXERCISE SOLUTIONS 


1. (c) load resistance and load current are fairly constant. 
2. True 


3. % Reg a Exo LOAD Eruti LOAD x 100 


Erut LOAD 


= wt 8 09 = x 100 = 20% 
20 20 


4. The power transformer, the filter and the rectifiers. 
5. (a) higher output voltage if the ac input voltage increases. 
6. (a) the resistance of R, is decreased. 
7. (a) line regulation. 
8. Shunt and series regulators. 
9, pass 
10. (b) decrease. 
11. decrease 
12. False—A zener diode is connected in parallel with the load resistance. 
13. resistance 
14. 35 volts. Since the regulated voltage, E, is 10 volts and R, is 1K ohm, the 
load current is 10 mA. From Figure 5, the maximum zener current is 15 
mA. With 25 mA through the 1K ohm of R,, the maximum voltage drop 
across R, is 25 volts. Therefore, the maximum value of Ey, voltage drop 
across R, is 25 volts. Therefore, the maximum value of Eyy is Ep, + Eo = 
25 + 10 = 35 volts. Any higher value of Eyy would cause excessive zener 
current and probable damage to the diode. 
15. Q, is called the pass transistor or pass element. 
16. The regulator action causes the conduction of Q, to decrease. 


17. In Figure 9, D, holds the Q» emitter voltage constant. 


18. The function of Qos, in Figure 9, is to amplify any change of voltage that 
appears at its base. % 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


Die 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


ao: 


36. 


Di. 


38. 


39. 


The Q, base current and the Q,. collector current are both through Ro. 


The Q, base current increases. When the load resistance is changed from 


100 ohms to 50 ohms, the load current increases from 250 mA to 500 mA. 


Therefore, the Q, base current must increase from 5 mA to 10 mA. 


Q.; Qi 

Darlington amplifier 

3000. 

To permit the output voltage to be maiisted to zero. 

True 

switch 

(b) off. 

True 

The switching regulator affords greater efficiency. | 

R, must be 75 ohms. | 

D, and Dz produce a fixed reference voltage at the base of Q,. 
Rs. 

False—In a perfect current regulator, the change in current is zero for any 


change in voltage. Thus, the dynamic impedance is infinite. (AE/AI = 
AE/O = ~) 


The settings of the voltage and current level controls establish the 
crossover point. 


False—The circuit operates in the current regulating mode when the load 
resistance is less than the crossover resistance. 


R3 
(a) conducts. 
foldback 


crowbar 
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De VRY INSTITUTE OF TECHNOLOGY 
4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 T410 A 


== ONE OF THE EXAMINATION 
I Bette Howe. SCHOOLS | CHECK SHEET 


1, B- THE VOLTAGE REGULATION OF A POWER SUPPLY IS PERFECT WHEN -- THE OUTPUT 
VOLTAGE REMAINS CONSTANT FROM ZERO LOAD CURRENT TO MAXIMUM LOAD CURRENT, 
Selection B is desirable for current regulation, Selection C results in very poor regulation, 
Selection D is not possible under any circumstances, ; oo) 


2. D- THE PURPOSE OF A CURRENT REGULATOR IS TO -- MAINTAIN A CONSTANT LOAD 
CURRENT WITHIN SPECIFIED LIMITS OF LOAD RESISTANCE, 

Selections B and C are accomplished by a voltage regulator; selection A represents an undesirable 
condition, 


3. B-A ZENER DIODE IS VERY USEFUL BECAUSE -- ITS REVERSE VOLTAGE REMAINS NEARLY 
CONSTANT FOR VARIOUS VALUES OF REVERSE CURRENT, 

Selection D is not a characteristic of a zener diode aid its forward current characteristics are of little 
value, 


40) ADEN EGU Ea? Dy IS CHANGED TO A ZENER DIODE THAT HAS A ZENER VOLTAGE OF 25.7 
VOLTS, THE REMAINDER OF THE CIRCUITRY IS UNCHANGED, WHAT IS THE VALUE OF Eo? -- 
25 VOLTS, 

The value of E,, is the zener voltage minus the base-to-emitter voltage (0.7 volt) of the transistor, 
Therefore, Eg = 25.7 - 0.7 = 25 volts, 


5, A- IN THE VOLTAGE REGULATOR OF FIGURE 9, -- Q, IS THE PASS TRANSISTOR AND Q, IS 
THE ERROR AMPLIFIER, 
Ry, varies the output voltage from 20 to 30 volts, and D, supplies a reference voltage for the Q, emitter. 


6. B- IN FIGURE 9, THE LOAD RESISTANCE IS CHANGED FROM 200 OHMS TO 100 OHMS, ASA 
RESULT -- THE Q, BASE CURRENT INCREASES, 

The Q, collector current decreases, the regulated output voltage remains nearly constant, and the Qp 
emitter voltage remains nearly constant, 


7. D- IN FIGURE 11, WHEN Rg IS ADJUSTED TO INCREASE THE Q2 BASE CURRENT, -- THE 
REGULATED OUTPUT VOLTAGE, Eo, DECREASES, 
Concerning selections A, B and C, exactly opposite conditions are obtained, 


8. B- IN FIGURE 15, ASMALL DECREASE IN Eo WILL CAUSE -- THE ON-TIME OF THE SWITCHING 
TRANSISTOR TO INCREASE, 

The decrease in output voltage requires more energy from L), so the on-time of the switch transistor 
must increase to supply this energy. 


9. D-IN AN AUTOMATIC CROSSOVER SUPPLY, THE CIRCUIT OPERATES IN THE VOLTAGE 
REGULATING MODE -- WHEN THE LOAD RESISTANCE IS GREATER THAN THE CROSSOVER 
RESISTANCE, 

When the load resistance is less than’the crossover resistance, the circuit operates in the current 
regulating mode, 


10, B-IN A PROPERLY FUNCTIONING CURRENT REGULATOR LIKE THAT OF FIGURE 18, WHEN 


THE LOAD RESISTANCE IS DECREASED -- THE OUTPUT VOLTAGE, Eo, DECREASES. 
The load current remains nearly constant so the output voltage decreases, 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A lighter-than-air craft that can be steered in flight is 


LESSON CODE Ale 
B 


(A) an ornithopter. (B) a dirigible. 


7410A c = (C) a free balloon. (D) a helicopter. 


The voltage regulation of a power supply is perfect when 

(A) the dynamic internal impedance of the power supply is infinite. (B) the output voltage remains 
constant from zero load current to maximum load current. (C) the full-load output voltage is exactly half 
of the no-load output voltage. (D) the output voltage and current remain constant for all values of load 
resistance. 

The purpose of a current regulator is to 

(A) cause the load current to vary in direct proportion to the load resistance. (B) prevent changes in load 
voltage as the load current varies. (C) decrease the dynamic internal impedance of the power supply toa 
very low value. (D) maintain a constant load current within specified limits of load resistance. 

A zener diode is very useful because 

(A) its forward current remains constant as the forward voltage is increased. (B) its reverse voltage 
remains nearly constant for various values of reverse current. (C) its forward current increases linearly 
with forward voltage. (D) its reverse current varies directly proportional to reverse voltage. 

In Figure 7, D is changed to a zener diode that has a zener voltage of 25.7 volts. The remainder of the 
circuitry is unchanged. What is the value of E,? 

(A) 25 volts. (B) 15 volts. (C) 20 volts. (D) 30 volts. 

In the voltage regulator of Figure 9, 

(A) Q, is the pass transistor and Q, is the error amplifier. (B) R, varies the output voltage from 25 to 50 
volts. (C) Q, is the pass transistor and D, supplies the reference voltage. (D) Q, is the error amplifier and 
Q, supplies the reference voltage. 

In Figure 9, the load resistance is changed from 200 ohms to 100 ohms. As a result 

(A) the Q, emitter voltage increases. (B) the Q, base current increases. (C) the output voltage, Eo, 
increases. (D) the Q, collector current increases. 

In Figure 11, when R, is adjusted to increase the Q. base current 

(A) the Q, collector current increases. (B) the Q; emitter current increases. (Q) the Q, collector voltage 
increases. (D) the regulated output voltage, Eo, decreases. 


In Figure 15, a small decrease in E, will cause 
(A) the error signal voltage to increase. (B) the on-time of the switching transistor to increase. (C) the 
oscillation frequency to decrease. (D) the on-time of the switching transistor to decrease. 


In an automatic crossover supply, the circuit operates in the voltage regulating mode 

(A) for all values of load resistance. (B) when the load resistance is less than the crossover resistance. 
(C) when the load resistance is equal to the crossover resistance. (D) when the load resistance is greater 
than the crossover resistance. 

In a properly functioning current regulator like that of Figure 18, when the load resistance is decreased 
(A) the load current increases. (B) the output voltage, Eo, decreases. (C) the output voltage, Eo, 
increases. (D) the load current decreases. 


REGULATED POWER SUPPLIES 


PRACTICE EXERCISE SOLUTIONS (Continued) | 


40. Ej, drops to zero. 

41. The power must be turned off to deactivate the SCR, the cause of the 
overvoltage must be corrected, and the power then must be turned on 
again. 

42. False—Dg protects against reverse voltage. 

43. 7.5 (the rated voltage of the zener diode) 

44. Transistors Q; and Q¢ serve as a constant current source that develops a 
constant current through an external resistor for the reference voltage for 
the integrated circuit regulator. 

45. differential 

46. True 


47. False—Resistor Rg is a current-sensing resistor which is used to sample the 
output load current. 


48. True 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 
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Example: A lighter-than-air craft that can be steered in flight is 
2 oa (A) an ornithopter. (B) a dirigible. 
. C4 (C) a free balloon. (D) a helicopter. 


The voltage regulation of a power supply is perfect when 

(A) the dynamic internal impedance of the power supply is infinite. (B) the output voltage remains 
constant from zero load current to maximum load current. (C) the full-load output voltage is exactly half 
of the no-load output voltage. (D) the output voltage and current remain constant for all values of load 
resistance. 

The purpose of a current regulator is to 

(A) cause the load current to vary in direct proportion to the load resistance. (B) prevent changes in load 
voltage as the load current varies. (C) decrease the dynamic internal impedance of the power supply toa 
very low value. (D) maintain a constant load current within specified limits of load resistance. 

A zener diode is very useful because 

(A) its forward current remains constant as the forward voltage is increased. (B) its reverse voltage 
remains nearly constant for various values of reverse current. (C) its forward current increases linearly 
with forward voltage. (D) its reverse current varies directly proportional to reverse voltage. 

In Figure 7, D is changed to a zener diode that has a zener voltage of 25.7 volts. The remainder of the 
circuitry is unchanged. What is the value of E,? 

(A) 25 volts. (B) 15 volts. (C) 20 volts. (D) 30 volts. 

In the voltage regulator of Figure 9, 

(A) Q, is the pass transistor and Q, is the error amplifier. (B) R, varies the output voltage from 25 to 50 
volts. (C) Q, is the pass transistor and D, supplies the reference voltage. (D) Q, is the error amplifier and 
Q,. supplies the reference voltage. 

In Figure 9, the load resistance is changed from 200 ohms to 100 ohms. As a result 

(A) the Q, emitter voltage increases. (B) the Q, base current increases. (C) the output voltage, Eo, 
increases. (D) the Q, collector current increases. 

In Figure 11, when R, is adjusted to increase the Q. base current 

(A) the Q, collector current increases. (B) the Q; emitter current increases. (G) the Q, collector voltage 
increases. (D) the regulated output voltage, Eo, decreases. 


In Figure 15, a small decrease in E, will cause 
(A) the error signal voltage to increase. (B) the on-time of the switching transistor to increase. (C) the 
oscillation frequency to decrease. (D) the on-time of the switching transistor to decrease. 


In an automatic crossover supply, the circuit operates in the voltage regulating mode 

(A) for all values of load resistance. (B) when the load resistance is less than the crossover resistance. 
(C) when the load resistance is equal to the crossover resistance. (D) when the load resistance is greater 
than the crossover resistance. 

In a properly functioning current regulator like that of Figure 18, when the load resistance is decreased 
(A) the load current increases. (B) the output voltage, Eo, decreases. (C) the output voltage, Eo, 
increases. (D) the load current decreases. 
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Failures are divided into two 
classes—those who thought and never 
did, and those who did and never 
thought. 

—John Charles Salak 


PHOTOELECTRIC PRINCIPLES 


There are many uses for light energy in industry, in business and in the 
home. In industry, light energy is often used to count objects as they 
come off assembly lines or to determine if a jar or bottle is filled to the 
proper level as it comes out of a filling machine. Sorting objects according 
to size and color can also be accomplished with light energy. Light energy 
can even be used to control a furnace. 


Other applications of light energy include burglar alarms in which an 
intruder breaks a beam of light and sets off a warning device. Many 
places of business use light-controlled annunciators which signal the store- 
keeper when a person enters. Light energy can even be used in a com- 
munications link by which voice signals can actually be transmitted on a 
beam of light. 


In these and many other applications, the light energy is converted to 
another form of energy, usually electrical energy, or it is used to alter the 
characteristics of a device. The converted energy or change of character- 
istics of a device is then used to drive a counter, set off a burglar alarm 
or perform some other operation. The devices that convert light energy 
into other forms of energy or that change their characteristics with 
changes in light are usually called PHOTOELECTRIC DEVICES, al- 
though they may also be called PHOTOELECTRIC CELLS, or PHOTO- 
CELLS. 


Photoelectric devices may therefore be briefly described as those devices 
devices have been developed which actually emit, rather than respond to, 
light. These relatively new light-emitting devices are almost within a class 
by themselves. The new light-emitting devices are now being used in 


many of the applications mentioned earlier as well as in new applications 
which have resulted from their discovery. 


In this lesson the most commonly used photoelectric devices are de- 
scribed in detail. The photoelectric devices are arranged into groups 
according to their basic characteristics. The principle of operation behind 
each group is explained and then the individual devices are examined in 
detail. The lesson also covers the newer light-emitting devices as well as 
special devices which are made up of both light-sensitive and light- 
emitting devices. The lesson then concludes with some basic applications 
of some of the devices described. 
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UNITS OF LIGHT 


Light is defined as radiant energy that may be perceived by the human_ 
eye. Most light comes from hot bodies such as the sun, burning fuels or 
incandescent lamps. However, light can also be produced by electrical 
and chemical means. Light, like other types of energy, can be measured 
and it can be used to perform many useful functions. 


To effectively use light energy, we must be able to measure its important 
characteristics. We will therefore examine several basic units of measure- 
ment associated with light. 


Some light sources produce a highly intense (extremely bright) light while 
other sources produce a light of low intensity or one which is very dim,_A. 


ualt_of measurement which is used to indicate the intensity ofa light 
source is the CANDLEPOWER. In bygone-days, one candlepower was 
equivalent to the light produced by a sperm candle 7/, of an inch in 
diameter, burning at a rate of 120 grains per hour. The more modern 
standard for the candlepower is a certain fraction of the average light 
intensity of a set of 45 carbon-filament lamps at the National Bureau of 
Standards. All other light sources are compared to this standard. There- 
fore, a light source which produces twice as much light as the standard is 
rated at 2 candlepower. 


Light travels or flows outward from a source at a particular rate. The rate 
LUMENS. Assume that a source of one candlepower is located at the 
center of a hollow spherical shell so that flux falls evenly on the entire 
inner surface of the shell. One lumen is the quantity of light falling on a 
fraction of the surface equal in area to r*, where r is the radius of the 
‘shell. The total area of a spherical shell is 4aré. As a result, the total flux 


emitted in all directions is 4m lumens. 


Often it is desirable to measure the illumination or the amount of light 
flux falling on a unit area of a surface. The unit of measurement that is 
commonly used to measure illumination is the FOOT-CANDLE. One 
foot-candle is equal to one lumen distributed evenly over a surface area 


O Ol. 
Racca 


The units of measurement just described are all directly related. The 
illumination in foot-candles can be determined by dividing the flux in 
lumens by the area in square feet. For example, if a source of one 
candlepower is located at the center of a hollow sphere whose radius is 1 
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foot, the illumination of the inner surface of the sphere would be equal to 
47 lumens divided by 4m square feet, or 1 foot-candle. 


Light energy can be measured in units other than those just described; 
however, the basic units just mentioned are easy to understand and are 
more than adequate for the discussions which follow. 


PHOTOELECTRIC EFFECT 


In the middle 1800’s, it was found that if a clean zinc sphere, negatively 
charged, were connected to a gold leaf electroscope, it would lose its 
charge when ultraviolet light fell upon the sphere. Figures 1A and 1B 
illustrate this early experiment. In Figure 1A, when ultraviolet light falls on 
the negatively charged zinc sphere, the sphere emits electrons. These 
electrons are called PHOTOELECTRONS, and the action is referred to as 
the PHOTOELECTRIC EFFECT. The loss of electrons is indicated in the 
electroscope by the collapse of the gold leaves. 


To carry the experiment a step further, the zinc sphere was then posi- 
tively charged. When light fell upon the sphere, it was noticed that the 
positive charges were not emitted by the sphere. Therefore, light energy 
has an effect only on electrons. 


The photoelectric effect previously described is the basic operating princi- 
ple of many photoelectric devices. This effect is used to change light 
energy into electrical energy or to change the electrical characteristics of 
a photoelectric device. 


Photons 


In dealing with photoelectric devices, the concepts of light energy must 
be modified. Quite often, we think of light energy as being electromagnet- 
ic radiation. This wave concept of light energy cannot be used by itself to 
explain the photoelectric effect. Instead, light energy is thought of as 
consisting of little packets, or bundles, of energy called PHOTONS. The 
photons or bundles of light energy are thought of as being delivered by 
the light waves. 


Spectral Sensitivity 


hotoelectric characteristics are usuall 


sensitive to light waves of one frequéncy-The color of light is determined 
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RELATIVE SENSITIVITY 


Figure 2 illustrates the sensitivity of a few types of photoelectric materi- 
als. For comparison, the spectral sensitivity of the human eye is shown. 
Notice that the human eye has its peak sensitivity in the green-yellow 
region. The other curves shown are labeled S,, S., S; and S,. The S, and S, 
materials have their peak sensitivity in the red and infrared regions. S; and 
S, are sensitive to colors from blue to ultraviolet. 


S_numbers are often used in rating photeelectric devices. For example, a 
photoelectric device with an S, spectral sensitivity has a peak response in 
the orange-red region. In other cases, the spectral sensitivity of a photo- 
electric device may be expressed as the wavelength at which its peak 
sensitivity occurs. For example, a photoelectric device may have a peak 
sensitivity at a wavelength of 800 millimicrons. Figure 2 shows that a 
wavelength of 800 millimicrons is in the red-infrared region. 
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PHOTOCONDUCTIVE DEVICES 


In the photoelectric effect previously described, a photosensitive material 
was found to emit electrons when bombarded with light energy (photons). 


the energy of the emitted electrons. | 
electrons emitted from the materials. 


he 2 a ee 


[he frequency at which the photoelectric effect occurs is called the 
RESHOLD FREQUENCY. If the frequency of the light energy is re=- 


duced below the threshold frequency, electrons are not emitted from the 
material. However, it is found that below the threshold frequency the 
conductivity of the material is changed. When conductivity of a material 
is increased, the resistance of the material decreases. Thus, if light energy 
below the threshold frequency is applied to certain materials, their con- 

ictivity—increases; that is, their resistance decreases. This action is 


ductivi S. 
referred to as the PH IVE EFFECT. 


Lead Sulphide Cells 


A device which exhibits the photoconductive effect is shown in Figure 3. 
This device is generally called a LEAD SULPHIDE CELL. The lead sul- 
phide cell has an iron or steel base with a layer of lead sulphide applied 
to it. A copper or silver ring is placed on the front of the lead sulphide 
layer. Pins connected to both the front electrode and the iron or steel 
base provide an electrical connection to the lead sulphide layer. 


With no light falling on the lead sulphide layer, the resistance of the lead 


sulphide layer is high. However, if light at_a frequency to which lead 


sulphide is sensitive falls on istance of the lead ‘sulphide 
layer decreases. aRGvER sy 


ES 
- 


Figure 4 shows a symbol that is commonly used to represent a photocon- 
ductive cell in a basic photocell circuit. With no light on the cell in Figure 
4, the resistance of the cell is high and circuit current is very low. 
However, when light falls on the sensitive lead sulphide layer, the internal 
resistance of the cell decreases and circuit current increases. A galva- 
nometer (a very sensitive current meter) is used to measure the circuit 
current. 


The current passed b 
the ce hat-is-—wh 


The resistance of the cell with no light falling on the cell is called the 
DARK RESISTANCE. Likewise, the resistance of the cell when illuminat- 
ed is called the LIGHT RESISTANCE and the current produced at that 
time is called the LIGHT CURRENT. — 


The sensitivity of a ph cell is usually given in milliamperes 
per foot-candle (mA/ft-candle) with a specified voltage across the cell. 
This sensitivity rating states how much current the cell can pass with a 
given illumination, and with a given voltage across the cell. For example, 
a particular cell has a sensitivity of 2.5 mA/1 ft-candle with 100 volts 
applied across the cell. This rating means that the cell can pass a current 
of 2.5 mA when 100 volts is applied across the cell and when it is 
illuminated by a 1 foot-candle light source. 


Photoconductive cells are also rated according to their dark-to-light resis- 
tance ratio. This ratio expresses the change in cell resistance when light is 
‘applied. For example, a particular cell may have a dark resistance of 2.5 
megohms. When 1 ft-candle of light is applied, the cell resistance drops to 
2500 ohms. The dark-to-light resistance ratio is thus: 


2,500,000 


7500 = 1000. 


Cadmium Sulphide and Cadmium Selenide Cells 


Two photoconductive cells which are widely used in electronic equipment 
are the CADMIUM SULPHIDE and CADMIUM SELENIDE CELLS. The 
basic construction of these cells is shown in Figure 5A. The cells congist 
of a ceramic or glass base with a layer of cadmium sulphide or cadmium 
selenide. Indium contacts are placed at each end of the cadmium sulphide 
or selenide layer. These contacts provide an electrical connection to the 
layer. 


Figure 5B shows a top view of the cell. The cell shown is circular with 
the indium contacts at each end; however, other configurations can also 
be used. With no light falling on the cell, the resistance of the cadmium 
sulphide or selenide layer is high. Thus, the resistance between the indium 
contacts is high. However, when light falls on the cell, the resistance of 
the layer decreases, thus decreasing the resistance between the indium 
contacts. 


To decrease the light resistance of the cadmium sulphide or cadmium 
selenide cells, the indium contacts-can be arranged in an interlocking 
arrangement, as shown in Figure 5C. Each set of interlocking contacts 
becomes a small resistor in parallel with the others. The interlocking 


ueeeeeeeeme eee eae 
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The relative size of a typical light-emitting diode becomes 
apparent when it is compared to a postage stamp as shown 
above. 


Courtesy Genesco Technology Corporation 


co increases the sensitivity of the cell. That is, the 
light intensity required to develop a particular current is decreased when 


the interlocking contact arrangement is used. 


Cadmium sulphide and cadmium selenide cells are very popular. These 
devices are highly sensitive and they may be operated at either high or 
low voltages. They are commonly used in devices such as cameras, 
electronic tachometers, electronic intrusion alarms and many other de- 
vices which are light controlled. In general, the cadmium selenide cells 


are more sensitive than the cadmium sulphide célIs. The response tim 
a cadmium selenide cell is also shorter than that of a cadmium sulphide 
_cell. The response time of a photoconductive cell is simply the time 


required for the cell’s resistance to drop to its light resistance value after 
light is applied to the cell. 


Figure 6 shows the characteristics of a typical cadmium sulphide cell. At 
low levels of illumination, the cell has a resistance of about 1,000,000 
ohms (1 megohm). As the illumination increases to about 100 foot- 
candles, the resistance of the cell decreases to about 100 ohms. Depend- 
ing on the actual construction of each type of cell, these characteristics 
can be varied to fit the application. 
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PHOTOELECTRIC PRINCIPLES Q1 


The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


UNITS OF LIGHT 
PHOTOELECTRIC EFFECT 
PHOTONS 
SPECTRAL SENSITIVITY 
PHOTOCONDUCTIVE DEVICES 
LEAD SULPHIDE CELLS 


CADMIUM SULPHIDE AND CADMIUM 
SELENIDE CELLS 


. What is a lumen? 
. What is a foot-candle? 
. What are photoelectrons? 


. What are photons? 


an >&-_ Oo NYO = 


. The ability of a material to respond to a particular frequency of light is 
called its (a) candlepower, (b) spectral sensitivity, (c) maximum current 
rating. 


6. An S, material has its peak sensitivity in the 
region. 


7. The frequency at which the photoelectric effect occurs is called the 
frequency. 


8. The photoconductive effect causes the resistance of a material to 
___ heen light falls on the material. 


9. The lead sulphide, cadmium sulphide and cadmium selenide cells are 
photoconductive cells. True or False? 


10. The current passed by a photoconductive cell when no light is falling on 
the cell is called __________ current. 


11. What is meant by the term “‘light resistance?” 
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PHOTOELECTRIC PRINCIPLES Q1A 


12. If a photoelectric cell has a dark resistance of 1.5 megohms and a light 
resistance of 2000 ohms, the cell has a dark-to-light resistance ratio of 
(a) 1000, (b) 750, (c) 7500, (d) 1750. 


13. The use of interlocking contacts in the photoconductive cell of Figure 5C 
increases its light resistance. True or False? 


7415 
QIA 


PHOTOVOLTAIC DEVICES 


The photoelectric effect illustrated in Figures 1A and 1B shows that zinc 
emits electrons when bombarded with light energy. Because the zinc gives 
up electrons, it becomes positively charged. This same principle is used in 
photoelectric devices that develop a voltage when illuminated. evice 


of this type is called a PHOTOVOLTAIC DEVICE. A photovoltaic device 
requi ) er supply like the photoconductive devices es previ- 


ously described. 1 The output voltage developed by a photovoltaic device is 


often used to o erate a relay or some other device. 


—— ee 


Selenium Photocells 


Figure 7 shows a cross-sectional view of a SELENIUM PHOTOVOLTAIC 
CELL. The light-sensitive material in this cell is a layer of selenium on a 
base plate. A barrier layer is placed over the selenium layer. Next, a 
transparent conductive electrode is placed over the barrier layer. The 
collector ring provides an electrical connection to the conductive layer. 
The output_v ell appears between the base plate 


and the collector ring. A photovoltaic cell of this type is shown in Figure 
8. 


In operation, light energy passes through the transparent electrode and 
strikes the light-sensitive selenium layer. The photoelectrons emitted by 
the selenium layer pass through the thin barrier layer and are collected by 
the transparent electrode. The barrier layer prevents the photoelectrons 


from returning to the selenium layer. i is usually selenium 
oxide. This barrier layer, together with the selenium layer, combine to act 


like a diode, permitting electron flow in only one direction—from the 


selenium layer to the transparen é. 
ee eee 


Because the selenium cause the selenium layer emits photoelectrons, it has a deficiency < of 
electrons,-The transparent electrode, because it_collécis_the photoelec- 
trons, has an excess of electrons. Thus, the selenium layer and the base 
gee are posiively char pHi em Dare Hu Cec TOe is negatively 

i z- potential between 


the pace As anal the collector ring. 


The standard symbol for a photovoltaic cell is shown in the basic circuit 
of Figure 9. With no light, there is no output voltage developed by the 
photovoltaic cell, and circuit current is zero. However, when light is 
present, the photovoltaic cell develops an output voltage. The galvanome- 
ter is used to measure the circuit current. 
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Figure 10 shows the characteristics of a typical photovoltaic cell. Notice 
that the output rises rapidly as the illumination increases from 0 to 1000 
foot-candles. Increasing the illumination above 1000 foot-candles does not 
increase the output voltage appreciably. As indicated in Figure 10, the 
maximum output voltage developed by the photovoltaic cell is a little less 
than half a volt (0.5 volt). Higher output voltages can be obtained by 
connecting the photovoltaic cells in series. The current supplied by a 
single cell is also quite small. Higher currents can be obtained by con- 
necting the photovoltaic cells in parallel. 


Photovoltaic cells are sometimes referred Ls. un bat- 
teries. The reason they are placed in the class of cells or batteries is that 


the output voltage they develop can be used to operate electronic equip- 
ment. In these applications, the sun’s rays are used to energize the 
photovoltaic cells. The photovoltaic cell is one means of converting the 
sun’s rays into electrical energy. The solar cells are used to supply power 
to artifical satellites that circle the earth. 


Silicon Photocells 


Photovoltaic cells are also constructed from silicon material. Figure 11 
shows a cross section of a SILICON PHOTOVOLTAIC CELL. The cell 
consists of two doped semiconductor materials forming a PN junction. 
The N-type semiconductor material is a piece of properly doped silicon. 
The P-type layer is formed by diffusing boron on the surface of the 
N-type material. An aluminum layer is bonded to the P-type layer, and a 
contact is alloyed to this aluminum layer. An electrical connection is 
made to the N-type silicon material by tinning the back of the silicon 
material. The contact to the P-type material is the positive terminal of the 
cell, and the contact to the N-type material is the negative terminal. 
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The PN junction in the photovoltaic cell of Figure 11 is exactly like the 
PN junction in a transistor. In the immediate area of the PN junction, no 
free electrons are present in the N-type material and no holes are present 
in the P-type material. This region around the PN junction is called the 
depletion region. When the photovoltaic cell of Figure 11 is illuminated, 
hotons that reach the PN junction generate hole-electron pairs in the 
Pe aicedios The holes sainuse inte the P-type material, andthe 
electrons diffuse into the N-type material. The N-type material thus has 
an excess of electrons and is negatively charged, while the P-type mate- 
rial has an excess of holes and is positively charged. This difference in 
charge produces a difference in potential. Connecting. an external circuit 
to the PN junction develops a current in the external circuit whenever 
light falls on the PN junction. 2 eg aa Bit iecaec ie: 


PHOTODIODES 


Besides being used as a photovoltaic cell, the silicon device of Figure 11 
can also be used as a PHOTODIODE. In this application, the PN junction 
the PN junction, only a small reverse cur F ark current, exists. This 
small reverse current is basically current which results from 
thermal generation of hole-electron pairs. The small number of electrons 
that diffuse into the N-type material is attracted toward positive poten- 
tial applied to the N-type material, while the small number of holes 
created in the P-type material allows electrons to enter the P-type material 
from the negative side of the power source. This results in a very small 
electron flow through the photodiode. However, when light strikes the PN 
junction, the reverse current increases in proportion to the intensity of 
Ge eer liiigion themuncton Wisicehion Kecurs because the pholats 
reaching thé PN junction. create additional hole-electron pairs. This in- 
Ulnar ap eitaee 


Photodiodes are often constructed as shown in Figure 12A and represent- 
ed by the symbol shown in Figure 12B. The PN junction is enclosed in a 
plastic case as shown, which has a window and lens assembly that 
focuses light on the PN junction. Figure 13 shows a basic photodiode 
circuit, where battery B, reverse biases the photodiode, and the galva- 
nometer is used to measure the current in the circuit. With no light falling 
on the photodiode PN junction, only a small reverse current exists in the 
circuit. However, when light falls on the photodiode PN junction, the 
reverse current increases. 


The characteristic curve shown in Figure 14 indicates the relationship 
between photodiode current and illumination. The relative values shown 
were recorded while the reverse-bias voltage was held constant at 3 volts. 
Notice that the photodiode current increases __ in_di i ith 


ee 
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_ilJumination. When the illumination reaches a value of 1000 foot-candles, 
the photodiode current reaches a value of 40 microamperes. A further ( 
increase in illumination would cause a continued increase in current; 
however, the photodiode could be damaged due to excessive current. 
Therefore, precautions are usually taken to insure that excessive current 
(caused by excessive illumination) is not produced when the photodiode is 
used in a particular application. 


Although Figure 14 indicates that the photodiode current essentially drops 
to zero when the illumination drops to zero, an extremely small current 
still exists across the photodiode PN junction. As previously mentioned, a 
leakage current (also called a dark current) exists even when no light 
strikes the photodiode. The particular photodiode represented by Figure 
12 has a typical dark current of less than 1 nanoampere (1 x 10° 
ampere). 


Photodiodes have a much faster response than the pho 
previously described. In other words, photodiodes will respond much 
faster to changes in light intensity. Photodiodes are therefore commonly 


used_in linear and digital (switching) applications ed 


response) is important. 
Ns a cae S 


In addition to the typical photodiode just described, other photodiodes are ( 
also available which have specific advantages over this typical photodi- 
ode. For example, ultrafast photcdiodes are created by altering the basic 
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photodiode construction. These ultrafast photodiodes are often as much 
as 100 times faster than the typical photodiodes. 


Another type of photodiode which is available is the avalanche photodi- 


the reverse-bias ‘voltage approaches the level of the breakdown voltage, 
hole-electron pairs are created as photons strike the PN junction of the 
photodiode. However, these hole-electron pairs acquire sufficient energy 
to create additional hole-electron pairs by colliding with other substrate 
atoms. A multiplication effect is therefore produced, and the resulting 
current is much higher than that of a typical photodiode. The avalanche 


photodiode is therefore more sensitive than the typical photodiode previ-> 
Can) 0 nan) cS 


ously described. 
Co eae ie 


PHOTOTRANSISTORS | 


As previously mentioned, the output voltage developed by a photovoltaic 
cell is quite low. The output from a single cell will not always be large 
enough to operate a relay or some other load device. As a result, amplifi- 
cation is often required. A similar situation occurs when photoconductive 
devices are used or when some types of photodiodes are used. A device 


which overcomes this disadvantage is the PHOTOTRANSISTOR. The 


phototransistor e and a transistor amplifier all in one 


unit. 


—_—— 


If an additional PN junction were added to the photodiode shown in 
Figure 13, the device would effectively become a phototransistor. A 
phototransistor is therefore a three-layer semiconductor device quite simi- 
lar to a conventional transistor. However, unlike the conventional transis- 
tor which responds to changes in input current, the phototransistor re- 
sponds to cha nm tight i a? 


The operation of an NPN phototransistor is shown in Figure 15. Notice 
that no connection is made to the base of the phototransistor. Instead, a 


lens is used to focus light on the emitter-base and collector-base junctions — 
of the phototransistor. Also, notice that the phototransistor is biased 


in the same manner as a conventional NPN transistor; the external bat- 
tery (B,) is connected so that the emitter is negative with respect to the 
collector. 


When light strikes the phototransistor shown in Figure 15, hole-electron 
pairs are generated within the vicinity of the collector-base junction. The 
holes tend to gather in the base region and the electrons tend to accumu- 
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late in the collector region. However, a charge will not accumulate across 
the junction because the holes and electrons disperse throughout the base 
and collector regions. Some of the holes diffuse across the base region 
toward the emitter-base junction. When they reach the emitter-base junc- 
tion, they are injected into the emitter. This, in turn, causes the emitter to 
inject electrons into the base region. However, the number of electrons 
injected into the base greatly exceeds the number of holes entering the 
emitter. This occurs because the emitter injection efficiency is much 
higher than the base injection efficiency. The final result is simply that the 
electrons injected by the emitter travel across the base and are drawn into 
the collector. These electrons then combine with the electrons that were 
originally generated at the collector-base junction and appear as collector 
current. 


The amount of current through the phototransistor shown in Figure 15 is 


therefore dé -the applied light: For a given 
light intensity, the phototransistor-passes-a- much greater current than a 


photodiode. To illustrate this fact, the characteristics of a typical photo- 
transistor are shown in Figure 16. Notice that the current through the 
phototransistor increases proportionally with illumination. When the il- 
lumination is equal to 1000 foot-candles, the phototransistor current is 
equal to 10 milliamperes. This, of course, is a much higher current than 
could be obtained with the photodiode previously described. 


Although Figure 16 appears to indicate that the current through the 
phototransistor drops to zero when illumination drops to zero, a small 
current (dark current) still is present. This dark current is usually in the 
nanoampere or low microampere range. 


Phototransistors are constructed in basically the same manner as photodi- 
odes. However, phototransistors may De constucied  te 
three leads-In the three-lead type, the base is made electrically availablé, 
and the device may be used as a conventional transistor as well as a 
phototransistor. There are also some applications where the phototransistor 
is used as a phototransistor, but the base lead is used to connect the bias 
voltage for an optimum operating point. In most applications however, only 


two leads are required (emitter and collector) and the phototransistor is used 
in much the same manner as a photodiode. 


A typical three-lead phototransistor is shown in Figure 17A. The actual 
phototransistor circuit (also called a chip) is mounted inside of the metal 
case. A glass lens is then hermetically sealed to the case to keep out 
moisture. This lens collects any applied light and focuses it on the chip. The 
three leads are connected to the emitter, base and collector regions of the 
phototransistor. A similar phototransistor is shown in Figure 17B. This 
phototransistor also has three leads but the lens and case are made of special 
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plastic materials which are capable of resisting heat and moisture. The 
photodiodes previously described may also appear as shown in Figures 17A 
and 17B. However, in the construction of a photodiode, only two leads are 
required for connection to the cathode and anode. 


In general, phototransistors provide a greater output current than photodi- 


odes because the ide amplification. However, phototransis- 


° : > a 
tors_do not respond as quickly to changes in light intensity. Both photodi- 
odes and phototransistors are usually made of silicon, although germanium 


e802): applications aSieouadevices sully provide better 
performance_char ey aré highly reliable and are sensitive 
throughout the visible oda near-infrared portions of the light spectrum; 
therefore, they are ideally suited for applications where the applied light is 


obtained from incandescent lamps. 


The symbol commonly used to represent the phototransistor is shown in 
Figure 18. The base lead is not shown because it is seldom used. However, in 
special applications where the base lead is required, it is also appropriately 
indicated on the symbol. 


The_phototransi much more sensitive to light than a photodiode. 
However, it is possible to obtain even greater sensitivity by connecting two 
phototransistors together as shown in Figure 19. The two phototransistors 
shown are connected in a Darlington arrangement so that the signal 
amplified by the first transistor is amplified again by the second transistor. 
This type of circuit is commonly referred to as a PHOTO DARLINGTON 
AMPLIFIER and it offers the same advantages as a Darlington Circuitwhich 


uses conventional transistors. 


PHOTOTRANSISTOR 


PHOTOTRANSISTOR 


GALVANOMETER 


© 


—p/\ B 
LIGHTS —> 
B 
LENS 


Figure 19 


The overall current gain of the photo Darlington amplifier is equal to the 
current gain of the-first istor multiplied by the current gain of the 


a a a a re — a a eee eee 7 
second phototransistor. For example, if the first phototransistor has a 


current gain (also called beta) of 40 and the second phototransistor has a 
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current gain of 40, the overall gain of the Darlington amplifier would be equal 
to 40 times 40, or 1600. This, of course, is a much higher gain than could be 
obtained from a single phototransistor. The first phototransistor actually 
behaves as if it were a variable resistance connected in the base circuit of the 
second phototransistor. The base current of the first phototransistor is 
controlled by the light, and this phototransistor, in turn, controls the base 
current of the second phototransistor. 


The photo Darlington amplifier is constructed by mounting both phototransis- 
tors in a sealed case which has an appropriate window, or lens system. Light 
is usually applied to both phototransistors, as shown in Figure 19. The photo 
Darlington amplifier usually has three leads (emitter, base and collector) and 
resembles a three-lead phototransistor in appearance. As with phototransis- 
tors, the base lead can be used to connect the bias voltage to the device at an 
optimum operating point or it can be left disconnected. A symbol commonly 
used to represent a photo Darlington amplifier is shown in Figure:20. The 
base lead may be as illustrated in Figure 20 or it may be omitted, depending 
upon the application. 


The high gain provided by the photo Darlington amplifier makes it suitable 
for many applications where maximum sensitivity is required. Unfortunate- 
ly, the photo Darli ks among the slowest of the junction 
photo devices; therefore, it cannot be used in applications where light 


SS 


intensity changes at an extremely fast rate. 


PHOTO SCR’S 


Photodiodes and phototransistors respond well to changing light intensities 
and produce output currents which are proportional to the applied light at 
any instant of time. They may also be used as simple on-off switches where 
they are required to conduct or turn on when light is applied to them and 
effectively stop conducting or turn off when light is removed from them. 
However, when these devices are used as switches, they are capable of 
supplying relatively small currents and therefore provide limited power 
control. 


Occasionally, photodiodes and phototransistors are used to operate sensi- 
tive electromechanical relays which, in turn, may be used to control large 
amounts of power. However, the relays themselves have disadvantages 
when used to control large currents or voltages. There is, however,—a 
light-controlled device which is capable of directly controlli i 


high cur Itages. This light-control ice_1 monly re- 
erred to as a PHOTO SCR (photo silicon control rectifier) or a LIGHT 
ACTIVATED SCR CR). 


7415 
18 


Q 


PHOTOELECTRIC PRINCIPLES 


The photo SCR may be referred to as the switching member of the ANODE R 
photo-device family. The photo as thé Same basic characteristics as a LIGHT 

conventional SCR except it is activated by light instead of an input voltage. 

The basic construction of a photo SCR is shown in Figure 21. The photo GATE? 


SCR has three junctions (labeled J,, J, and J,) just like a conventional SCR, 
and it is biased in the same manner. When the proper operating voltage is 
applied (as shown in Figure 21), junctions J, and J; become biased and 
junction J, becomes reverse biased. As long as no light is applied to the Figure 
photo SCR, only a small (negligible) leakage current will exist through D1 


junction J,. Hewever, when a small amount of light is applied to the photo 
Ea ile-clostion-palrs are generated the vicini of junction J,, anda 
small but noticeable current occurs through the junction. If the intensity 0 
the applied light continues to increase, the current through junction J, will 
also increase, and a point is eventually reached where the junction will break 
down, allowing a much higher current through the photo SCR. The photo 


SCR effectively acts as a short at this time, and the circuit current is 
essentially controlled by the external load resistor (R) shown in Figure 21. 


Like the } oto SCR is either off (conducting an 
tremely small current) or on (conducting heavily). The photo SCR 


effectively turns on when the intensity of the applied light reaches a specific 
point. Once the photo SCR turns on, it remains on even if the light intensity 


drops to zero, As with the co ] the photo SCR can be turned 
off only by reducing the current h it below its particular holding 


current. The photo SCR then turns off and effectively blocks any current. 


The amount of light required to turn on, or trigger, a photo SCR is dependent 
upon such factors as the operating voltage, the junction temperature and the 
amount of gate-to-cathode resistance. In general, the amount of light 
required to trigger a photo SCR becomes less as the operating voltage 
increases. The same is also true as the junction temperature increases. To 
obtain optimum sensitivity, the photo SCR is usually constructed of a very 
thin silicon pellet so that it can be triggered by very small light-induced 
currents. 


The sensitivity of a photo SCR can be effectively controlled by varying its 
gate-to-cathodé resistance. In other words, a resistor can be connected 
between the gate and cathode 0 0 control the point at which 


it_will trigger, The gate-to-cathode resistor effectively bypasses current 
around the gate-cathode junction (J; in Figure 21), reducing the sensitivity of 


the photo SCR. A_high value of resistance (typically 20 to 60K ohms) is 
generally used_when high sensitivity is required, and a low value of 
resistance (often less than 4K ohms) is used when the sensitivity of the 


photo SCR must be lowered. 
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Because photo < SCR’s are ¢ d for optimum sensitivity, they are not 
‘sanding metho aes. tan photodiodes or ovoransistor Pres- 
ently used photo SCR’s are capable of switching currents of | or 2 amperes 


and withstanding operating voltages as high as 200 volts. 


A cross-sectional view of a typical photo SCR is shown in Figure 22 to 
emphasize the relative location of each part. Notice that the silicon pellet 
(chip) is mounted on the base of the metal case directly below the glass 
window so that it will receive the maximum amount of incoming light. The 
gate and cathode leads are brought through the bottom of the case and 
hermetically sealed to prevent moisture from entering the case. The leads 
are connected to the appropriate regions of the silicon pellet with very thin 
wires. The anode lead connects directly to the case which makes electrical 
contact with the anode region of the silicon pellet. 


A detailed view of the silicon pellet is shown in Figure 23. The pellet is 
mounted so that the lower anode region makes electrical contact with the 
metal case as shown. Each region or layer is extremely thin so that 
maximum sensitivity to light can be obtained. The gate and cathode leads are 
connected directly to the gate and cathode regions at the top of the pellet. 
Junctions J,, J, and J; correspond to the same junctions shown in Figure 21. 


The symbol most commonly used to represent the photo SCR is shown in 
Figure 24. This symbol is almost identical to the conventional SCR symbol. 


SOLID-STATE EMITTERS 


Incandescent lamps have been used for many years to produce light for a 
variety of purposes. They may be used to simply provide house lighting or 
they may be used in complex electronic equipment to indicate when various 
circuits are functioning. Other devices, such as neon lamps and neon-glow 
tubes, have also been used to provide indications which relate to equipment 
operation. However, all of these devices have certain disadvantages which 
make them unsuitable for use in modern transistorized electronic equip- 
ment. When used in electronic equipment, incandescent lamps have a 
limited life expectancy and require considerable current for operation. Both 
of these factors make them unsuitable for use in transistorized equipment 
which is designed for long life and minimum power consumption., Neon 
devices require little current and offer an extended life ectancy; how- 
eer they HeGuinearelatively -higw-qotawentty plcally soWolistls OBRIGEEM 
far GUaTCHGENE eauselmee HEA Hie ee Ent operates at relatively 
low voltages (typically 5 to 20 volts dc), sufficient voltage is usually not 
available for neon devices. 
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The following Practice Exercise questions cover the subjects which you have just 
studied. They are: 


14. 


15. 


16. 


We 


18. 


19. 


20. 


21. 


22. 


PHOTOVOLTAIC DEVICES 
SELENIUM PHOTOCELLS 
SILICON PHOTOCELLS 

PHOTODIODES 

PHOTOTRANSISTORS 


PHOTO SCR’S 
Photoelectrons are emitted by the barrier layer in the photovoltaic cell of 
Figure 7. True or False? 


For the photovoltaic cell of Figure 9, an increase in light intensity causes 
(a) an increase in the output voltage, (b) a decrease in the output voltage. 


When light falls on the PN junction of the photovoltaic cell of Figure 11, 
hole-electron pairs are formed in the immediate area of the junction. True 
or False? 


In the photodiode circuit of Figure 13, an increase in light intensity causes 
(a) a decrease in reverse current, (b) an increase in reverse current. 


For a given light intensity, a phototransistor will pass (a) more current 
than a photodiode, (b) less current than a photodiode. 


Phototransistors are always constructed with two leads. True or False? 


The photo Darlington amplifier is a special type of (a) photo SCR, (b) 
phototransistor, (c) photodiode. 


The photo Darlington amplifier provides low gain but has a very fast 
response time. True or False? 


Photo SCR’s are capable of controlling more power than phototransistors. 
True or False? 
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23. An effective means of varying the sensitivity of a photo SCR is by changing 


the value of its (a) gate-to-anode 
(c) cathode-to-anode resistance, 


24. The photo SCR turns on when li 
is removed. True or False? 


resistance, (b) gate-to-cathode resistance, 


ght is applied and turns off when the light 


a | 
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The need for a more efficient light source, suitable for use with both 
permanent and portable transistorized electronic equipment, led to the 
development of a solid-state light-emitting device known as the LIGHT- 
EMITTING DIODE (LED). The LED is rapidly becoming one of the most 
popular indicating devices for use in modern electronic equipment. Because 
the LED is constructed of semiconductor materials, it is virtually immune to 
failure or mechanical breakdown. It also operates at very low voltages and 
currents which can be easily obtained from most transistorized equipment. 


The LED is basicall j ion diode that emits light when it is forward 

j e wavelength or color of the light produced is determined 
Gig atte op tre Type oF Wrcterals used to form the PN auction: Thel he LED 
works on the principle that photons of light energy can be produced when= 


See Bel Sy © ced WI 
certain iconductor materials are excited in at manner which allows 
recombination of holes and electrons. ie 


ee eee 
LIGHT EMISSION 


The basic construction of an LED is shown in Figure 25. The LED shown 
utilizes flat, or planar, construction in which a Shallow P-type layer is 
diffused into an N-type substrate, and the entire structure is mounted on a KeUAVER ay 
metal base, or header. If the resulting PN junction is forward biased as = 
shown, electrons in the N-type layer are injected into the P-type layer where LED 

they combine with excess holes. As each hole and electron combine, a 


BASE 
photon of li enerated. Most of the gén ons travel t = 
the semiconductor material and escape t the surface as light; E Figure 


of the photons are reabsorbed. The wavelen tho | DS. 


determined e of semiconductor material used. Materials such as 
gallium phosphide (GaP) and gallium arsenide phosphide (GaAsP) are 


commonly used to produce visible light (green and red, respectively), while 
gallium arsenide (GaAs) is often used to produce light in the near-infrared 


region. Although other types of materials can duce additional 
colors, the three types of materials just mentioned are presently the most 


practic re the most popular materials being used. 


Most of the light by an LED is produced at the PN junction. Also, 
the intensity of the light i is quite low with even a very small 
incandescent lamp. Therefore, it is necessary to construct the LED in a way 


hich will allow it to emit the Maximum amount of light possible. The basic 
olanat oF Hat-gcometry LED -showr-in-Fipure-251s not efficient in this 
respect. The photons which leave the PN junction and travel directly toward 
the surface, or at a small angle with respect to the surface, are allowed to 
escape. However, photons which strike the surface at, or greater than, a 
specific angle are reflected back into the material and reabsorbed. The exact 
angle at which reflection occurs is referred to as the CRITICAL ANGLE; it 
varies from/one type of semiconductoramatenial to the next. For example, 
gallium arsenide has a very low critical angle of approximately 16°. This 
means that all photons that strike the surface of the gallium arsenide 
material at an angle greater than 16° will be reflected internally. Therefore, 
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LIGHT EMISSION 


only a small percentage of the photons generated in a planar-type, gallium 
arsenide LED are released. 


the light-emitting ability of an LED can be greatly incr improving 
the basic planar construction. For example, an N-type gallium arseni 


substrate can be formed i a hemisphere as shown in Figure 26, and a 


small P-type region can be diffused into the flat side or base. If the 
hemisphere has the proper diameter, nearly all of the photons generated at 
the PN junction will arrive at the surface at an angle that is less than the 
critical angle, and they will escape. This type of construction almost 
completely eliminates reflections and greatly improves the light-emitting 
efficiency of the LED. 


Another means of i ittin efficiency of the basi a 
shown in Figure 25 is to covertheflat structure with a dome (hemisphefe) 


made of epoxy. The epoxy dome serves is 1g nce ERT ae serves as a light-conducting medium | 
has the effect of increasing the critical angle of the basic planar structure. 
This technique is not as effective as the method just described; however, it 
will more than double the efficiency of a planar LED and provide sufficient 
light for many applications. 


LED’s which emi isible—ight_are generally dome shaped. The dome 
Ssctingly Guisee the light and improves its visibility. These LED’s are 
rapidly replacing the small incandescent and neon lamps which have been 
used as indicators for many years. LED’s are often used as blown fuse 
indicators, fault or warning indicators, circuit status indicators, and power- 
on indicators where they serve as simple on-off devices. However, they also 
find more complex applications in computers and other complex digital 
systems. In these complex digital systems, LED’s are often grouped 
together to form displays which can produce various readout patterns such 
as numbers or letters. This same technique is also used to produce the 
numbers or digits that are displayed on devices such as pocket calculators 
and electronic wrist watches. 


d or they 
reagiehag SPA ert in a narrow beam. This is often accomplishe 
by using reflectors or by altering the basi uction of the LED. Because 
infrared radiation is easily detected by silicon devices, the near-infrared light 
source is commonly used with photodiode and phototransistor detectors to 
perform a variety of functions. For example, near-infrared emitting LED’s 
are now used in punched-card and paper tape readers. In this application, a 
number of LED’s are arranged in an array so that the individual light beams 
produced by the LED’s are projected through the holes in the card or paper 
tape. A similar array of photodiodes or phototransistors are used to detect 
the presence or absence of light beams and effectively determine the 
positions of the punched holes. Near-infrared emitting LED’s are also used 
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in intrusion detectors because the light beam produced is invisible and 
cannot be spotted by the intruder. These LED’s also find applications in 
production line counters, industrial controls, optical communication systems 
and precision optical alignment systems. 


When compared to a tungsten-filament (incandescent) lamp, the LED offers 
some surprising advantages. For example, the LED provides a relatively 


single cotor;-whilé the tungsten lamp 


provides a white li ich d over the visible and infrared portions 
e light spectrum. The LED is a solid-state device and is therefore much 


more rugged then the tungsten lamp. The LED is smaller in size than a 
tungsten lamp and is more suitable for use in portable or miniaturized 


equipment. The light produced by the LED is easier to focus and control. 
The LED jias an extremely long life and is much Tore Teltable-than The 
tungsten lamp. The LED also has a much faster response time. In other 
words, the light produced by the LED varies with drive current and very 
little delay is encountered. Tungsten lamps respond very slowly to changes 
in drive current. LED’s also consume less power than tungsten lamps. Most 


LED’s require several milliamperes to several hundred milliamperes of 
current, but practically all LED’s require less than 2 volts of forward bias. 


It would appear that LED’s are superior to tungsten lamps in all ways. 
However, LED’s have certain disadvantages which limit their use in some 
applications. For example, LED’s produce less light than tungsten lamps and 
they cannot provide sutibient ent light fmany applications. The LED requires 
dc power for operation, but the tungsten lamp can be used With-either ac or 
de power The LED is'also more expensive, but this disadvantage may be 


overcome as manufacturing techniques improve. 
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Figure 27 


Figure 27 shows three commonly used types of LED’s. The LED shown in 
Figure 27A emits visible light and is designed to be used as a visual indicator. 
A dome-shaped lens is used to increase the light output of the LED. The two 
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leads provided at the base of the LED serve as anode and cathode 
connections. The LED shown in Figure 27B emits light in the near-infrared 
region. This LED is extermely small in size (approximately 0.1 inch in 
length) and is designed for use in high density applications where many 
LED’s must be placed in a small area. It may be used in equipment such as 
punched-card readers and punched-tape readers. The LED is designed for 
easy insertion and removal. The LED shown in Figure 27C also emits light in 
the near-infrared region. However, this LED is designed to produce a 
substantially higher output light intensity. This LED is stud mounted to 
provide the maximum amount of heat sinking action. The LED is simply 
bolted to a metal plate or chassis (called a heat sink) which will absorb the 
heat generated by the LED. The stud serves as the anode, and the solder lug 
connects to the cathode as shown. This type of LED, when operated at 
currents of several hundred milliamperes, can produce a light intensity high 
enough to make it useful in industrial control applications and optical 
communications systems. 


Se ee 
28. This symbol closely resembles the symbol used for the photodiode 
previously discussed, except that the LED has arrowheads coming from, 
rather than going to, the symbol. 


OPTICAL COUPLERS 


The development of the LED has led to the development of another device 
which utilizes the principles of light emission as well as light detection. This 
relatively new device is basically a combination of two of the devices 


previously described. I D, which operates in the near- 
infr ; hotodiode, phototransistor or photo . This tee 
is. com as_an OPTICAL : itl d 


whenever complete electrical isolations required between two-circuits. 


Optical couplers were available long before LED’s were developed. How- 
ever, these early devices used incandescent and neon lamps and were 
limited to certain low-frequency applications. We will therefore examine the 
modern optical coupler which utilizes the LED and which has become 
accepted as an industry standard. 


The basic construction of a modern optical coupler is shown in Figure 29. An 
LED and a photodiode are physically arranged so tkat the light produced by 
the LED is applied directly to the photodiode. The LED and photodiode are 
separated by either a thin layer, or sheet, or infrared light-transmitting glass 
or a gas-filled gap. To prevent unwanted light from entering the device, the 
components are usually encased in a plastic compound. The photons emitted 
by the LED are effectively piped, or transmitted, through the glass (or gas) 
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to the photodiode which responds to the intensity of the light striking its 
surface. The glass sheet or gas-filled gap serves as a light-conducting 
medium to insure that the maximum amount of light is transferred from one 
device to the other. The two photo devices and the light-conducting medium 
are mounted in a single package with appropriate input and output leads 
attached to the LED and the photodiode. 


The LED shown in Fi ure 29 must be forward biased to operate properly; 


however, the everse biased. When the proper operating 
voltages are applied to the two photo devices, the circuit may be used to 
optically transfer a signal from input to output. In other words, when the 
current through the LED is made to increase, the light produced by the LED 
will also increase in intensity. This will, in turn, cause the photodiode to 
conduct more, which allows more current through the output terminals. 
However, when the current through the LED decreases, the LED produces 
less light. This causes the photodiode to conduct less and the output current 


to decrease. The current produced by the photodiode therefore varies in 
proportion to the current through the LED. 3 


Opti ouplers are used _w trical i ion 1 


circuits. Because the signal is effectively transmitted over a light beam, 
there is no electrical coupling DON is met us pues leads. This 


and t ( 
as much isolation as electromechanica a Ane ma sneticall coupled 


transformers. In fact;-they are often used as replacements for both 


ae eae . . . . . 
of these devices in applications where high currents or voltages are not 
encountered. 


The optical coupler shown in Figure 29 is capable of transferring either dc 
signals or ac signals (when properly biased) between its input and output 
leads. Because a photodiode is used to ee oiiesboud io neue 
the optical coupler has-a-very-fast response time. This type of photocoupler 
is suitable for transferring signal frequencies as high as several megahertz. 
Unfortunately, the photodiode is capable_of handling only small currents 
ea Normally, the output current will be only a 


fraction of the applied input current. The current gain (ratio of output to 
input current) will therefore be quite low for optical couplers of this type. 


ee i ean Ge ee 
photodiode. When a phototransistor is used, a cu in that is 
photons" snomally slower athe reso € response time of the 


is t ittnot transfer very high fre- 


quencies tik the diode type previously described. 
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When even greater gain is required, a photo Darlington amplifier can be 
nsed.iIn othenswerde- two phototiansistors can, Benconnecteaii a nam 
Darlington configuration for detecting or responding to the light beam 
produced by the LED. Although this type of optical coupler will produce a 


current gain that is much greater than unity, it has a very slow response time 


and is suitable only for dc and relatively low-frequency ac signals. 


Photo SCR’s may also be used in optical c elatively large 


Currents or voltages to be-switched by an electrically j d control signal. 


As with a conventional SCR, the control current is applied only for an 
instant to turn on the photo SCR. The photo SCR is then turned off by 
reducing the current through the photo SCR below its holding value. The 
gate, cathode and anode leads of the photo SCR are used so that it can be 
biased in the normal manner. -to- ode resistor i (e) 


control the sensitivity of the photo SCR. 


a 


The symbols mols most Commonly uscn to repicssut sie optical soup ag 
described are shown in Fig . The symbol for the photodiode type of 
optical coupleris- shewninFigure 30A. The plus and minus signs at the input 
and output terminals are included to show the proper polarity of the 
operating voltages. These signs will not necessarily appear with the symbol 
when it is used in a typical schematic diagram. Figure 30B shows the symbol 
of a phototransistor type of optical coupler. The emitter, base and collector 
leads of the output transistor are appropriately identified. Figure 30C shows 
the symbol of a photo Darlington type of optical coupler and Figure 30D 
shows the photo SCR type of optical coupler. Resistor Rec represents the 
gate-to-cathode resistance which can be connected to the photo SCR to 
control the sensitivity of the optical coupler. This resistor is not an essential 
part of the optical coupler symbol. 


Optical couplers come in a variety of shapes and sizes. A typical optical 
coupler is shown in Figure 31; it utilizes an LED with a near-infrared light 
output and a phototransistor. Both of these devices are mounted in a single 
container as shown, using a gas-filled gap as the light-conducting medium. 
The container is a hermetically sealed metal can and the input and output 
leads are attached to each end of the can. Notice that only two leads (emitter 
and collector) are provided for the phototransistor and two leads (anode and 
cathode) are provided for the LED. The LED leads are identified by the 
stripe on the container as shown. The base lead is omitted on the phototran-~ 
SiS : , other es of optical couplers are available with 
phototransistor base leads. 


Near-infrared LED’s and photosensitive silicon devices are used in most 
optical couplers. The silicon devices are highly sensitive to the near- 
infrared light, and near-infrared LED’s are easily constructed from gallium 
arsenide. 
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APPLICATIONS OF PHOTOELECTRIC DEVICES 


Now that you have examined the operation of some of the more important 
photoelectric devices, it is time to examine some basic applications of these 
devices. Because there are so many potential applications of photoelectric 
devices, it is impractical to describe them all. A few of the more basic 
applications are therefore presented. 


Many of the photoelectric devices described in this lesson can be used to 


1easure heat as well as light. However, the photoelectric devi is 


most often used for this purpose is the photovoltaic cell, because it requires 
Be eseral battery dnd tale Peete Gad sGble Tec A typical heat 
temperature measuring insipiment (Otten called a" oyTSactar"y which uses 
a AAGIVOIAIG cell, is Shown MiMieute 3" The pyrometer ilies a limiter 
resistor (R) (usually 50 to 300 ohms), a microammeter and a selenium 
photovoltaic cell. The selenium photovoltaic cell shown in Figure 32 is 
similar to the selenium photovoltaic cell shown in Figure 7. A layer of gold 
acts as a transparent electrode to the radiant energy, and the junction 
between the gold and selenium acts as a barrier layer. The radiant energy 
from the heated object passes through the glass faceplate and the water 
jacket to the photovoltaic cell. The cell develops an output voltage of the 


polarity shown. The output voltage is proportional to the frequency of the 
radiant energy, and the frequency is determined by the temperature of the 


radiating body. Therefore, the current indicated by the microammeter is a 


measurement of the temperature. The water jacket is used to prevent heat 
damage to the photovoltaic cell. 


TRANSISTOR 
AMPLIFIER 
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Figure 33 


Figure 33 shows a typical application of a photodiode. Here, a silicon 
photodiode is used in a motion picture sound pickup system. Light from the 
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“exciter” lamp is directed, by means of optical mirrors and lenses, to pass 
through the photographic image of sound recorded on one edge of the film. 
The beam of light is varied or modulated in accordance with the sound 
information on the film. The varying light beam, directed on the photodiode, 
causes the resistance of the photodiode to vary. Because the photodiode is 
in series with resistor R,, the voltage across the photodiode will change. This 
changing voltage (audio) is coupled through C, to the base of the transistor 
amplifier, Q,. An amplified audio voltage is obtained from the collector of 
the transistor. This output is applied to a power amplifier for the high power 
level reproduction required in theater auditoriums. 


A typical application of a phototransistor is shown in Figure 34. This is‘a 
basic photoelectric relay circuit which uses a silicon phototransistor to 
control the operation of a sensitive electromechanical relay. When no light is 
applied to the phototransistor, the collector current is extremely low. This 
small current is not large enough to energize relay RY,, and the contacts 
remain in the positions shown. However, when sufficient light is applied to 
the phototransistor, the collector current will increase and the relay will 
energize, thus causing the contacts to close. If the light is removed, the relay 
de-energizes and the contacts open. The phototransistor is therefore used to 
directly operate a relay which, in turn, may be used to control a substantial 
amount of current or voltage through its contacts. For example, a lamp or 
motor and its respective power source could be connected in series with the 
relay contacts for effective control by the applied light. 


The circuit shown in Figure 35 performs the same basic function as the 
photoelectric relay circuit just described. However, the circuit shown in 
Figure 35 uses a photo SCR instead of a phototransistor and an elec- 
tromechanical relay. In this circuit a photo SCR is used to control the power 
applied to a lamp. Switch S, is normally closed so that the photo SCR, the 
lamp and battery B, are all in series. When light is momentarily applied to 
the photo SCR, it triggers on and the lamp lights. To turn off the lamp, switch 
S, must be momentarily opened so that the current through the photo SCR is 
reduced below the required holding value. The photo SCR therefore 
functions as a light-controlled relay; however, this type of relay is often 
referred to as a dc latching relay. It can be used only with dc loads, and once 
it is activated, it remains activated (or latched) until switch S, is opened. The 
sensitivity of the photo SCR can be controlled by adjusting the value of 
resistor Rgc. 


Figure 36 shows a typical application of an optical coupler. The optical 
coupler is used here to electrically isolate an amplifier circuit from the 
applied input signal. The phototransistor portion of the optical coupler, in 
conjunction with resistors R,, R, and Rs, serves to bias transistor Q, at the 
proper operating point. Potentiometer R, permits adjusting the base current 
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Figure 36 


of the phototransistor which, in turn, controls the voltage at the base of Q,. 
In other words, the potentiometer adjusts the operating point of the 
amplifier to an optimum point. The input signal applied to the LED portion 
of the optical coupler must be of the proper polarity, as shown. As the input 
signal varies in amplitude, the LED conducts accordingly, producing a light 
of varying intensity. AC signals can also be applied to the optical coupler 
when it is properly biased. In other words, the ac signal is used to control the 
dc forward bias applied to the LED. The phototransistor responds to the 
changes in light intensity and its resistance varies as it conducts more or less 
current. The voltage changes produced across the phototransistor are 
amplified by Q, and appear at the output of the amplifier. 


SUMMARY 


Light energy can be used in many applications in industry and in the home. 
In industry, light is often used to count, sort, measure levels, measure 
temperature and perform other services. In the home, light can be used in 
burglar alarms, automatic light switches to turn on the house lights when it 
gets dark and other useful applications. 


The electronic instruments that perform these operations with light use 
special devices that either convert light energy directly into electrical energy 
or change their characteristics when illuminated. These devices operate on 
the photoelectric effect. The photoelectric effect refers to the action in 
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certain materials which causes the atoms in the material to give up electrons 
when the material receives light energy. 


One type of photoelectric device is the photoconductive cell. The internal 
resistance of a photoconductive cell depends upon the intensity of light 
falling on the cell. With no light on the cell, its internal resistance is high; 
however, when the cell is illuminated, the internal resistance decreases. The 
most common types of photoconductive cells are the lead sulphide, 
cadmium sulphide and cadmium selenide cells. 


The photoelectric effect can also be used to form self-generating photovolta- 
ic devices. A photovoltaic device develops an output voltage proportional to 
the intensity of light falling on it. The two common types of photovoltaic 
cells are the selenium cell and the silicon PN junction cell. 


Light energy also affects the characteristics of a PN junction. If a PN 
junction is reverse biased, only a small electron flow occurs through the PN 
junction and the external circuit. Illuminating the PN junction, however, 
forms hole-electron pairs which cause an increase in reverse current. The 
reverse current through the PN junction, and thus the circuit current, can be 
controlled by varying the intensity of light falling on the junction. Devices of 
this type are called photodiodes. 


A device that is light sensitive and provides amplification is the phototransis- 
tor. The phototransistor operates like a conventional transistor except that 
the emitter junction is forward biased by the light falling on the emitter 
junction. The phototransistor produces a greater output current than the 
photodiode and is more suitable in applications where sensitivity and gain are 
important. 


When it is necessary to control or switch relatively large amounts of power, 
the photo SCR is often used. This device operates like a conventional SCR, 
but it is controlled by light instead of an input voltage. 


Relatively new devices such as LED’s and optical couplers are now being 
used in place of the earlier electromechanical devices. LED’s are highly 
efficient sources of light energy that are replacing incandescent and neon 
lamps in many applications. Optical couplers utilize both LED’s and 
photosensitive devices to achieve a high degree of electrical isolation 
between circuits. Optical couplers are effectively replacing transformers in 
many applications where low currents and voltages are encountered. They 
also function as relays in some circuits by providing a means of controlling 
relatively large currents and voltages with an electrically isolated control 
signal. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


SOLID-STATE EMITTERS 
OPTICAL COUPLERS 


APPLICATIONS OF PHOTOELECTRIC DEVICES 


Near-infrared LED’s are usually made from (a) gallium phosphide, 
(b) gallium arsenide phosphide, (c) gallium arsenide. 


LED’s are capable of producing greater light intensities than conventional 
incandescent lamps. True or False? 


An LED which uses a hemispherical or dome-shaped construction is more 
efficient than the planar type. True or False? 


LED’s are often designed to emit a white light which is spread over the 
visible and near-infrared portions of the light spectrum. True or False? 


An LED will operate only when it is reverse biased. True or False? 


Optical couplers are used in applications where (a) electrical isolation is 
required, (b) high gain is required. 


What type of devices are used in the construction of an optical coupler? 


All optical couplers have a current gain that is greater than unity. True or 
False? 


Which optical coupler shown in Figure 30 would provide the greatest 
amplification of a low-level ac signal? 


Which optical coupler shown in Figure 30 would be used to control or 
switch relatively large currents or voltages? 


An optical coupler will always have two input and two output leads. True 
or False? 


The basic pyrometer shown in Figure 32 utilizes a (a) photoconductive cell 
to measure temperature, (b) photovoltaic cell to measure temperature. 
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37. The gain of the circuit shown in Figure 33 would be greatly increased if the 
photodiode was replaced with a (a) photo SCR, (b) photoconductive cell, 
(c) phototransistor. 


38. If a photodiode type of optical coupler were used in the circuit shown in 
Figure 36, the overall gain of the circuit would (a) decrease, (b) remain the 
same, (c) increase. 
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IMPORTANT DEFINITIONS 


CADMIUM SELENIDE CELL—A photoconductive device that utilizes a 
sensitive layer of cadmium selenide on a glass or ceramic base. 


CADMIUM SULPHIDE CELL—A photoconductive device that utilizes a 
sensitive layer of cadmium sulphide on a glass or ceramic base. ”° 


CANDLEPOWER—The unit of measure of light intensity. Under present 
standards, one candlepower is a certain fraction of the average light 
intensity of a set of 45 carbon-filament lamps at the National Bureau of 
Standards. 


CRITICAL ANGLE—The angle at which photons are reflected and reab- 
sorbed in a semiconductor material. 


DARK CURRENT—The current passed by a photosensitive device when it 
is not illuminated. 


DARK RESISTANCE—The internal resistance of a photosensitive device 
when it is not illuminated. 


FOOT-CANDLE—The unit of measure of illumination. One foot-candle is 
equal to one lumen distributed over a surface of one square foot. 


LEAD SULPHIDE CELL—A photoconductive device that utilizes a light- 
sensitive layer of lead sulphide on an iron or steel base. 


LIGHT ACTIVATED SCR (LASCR)—See PHOTO SCR. 


LIGHT CURRENT—The current passed by a photosensitive device when it 
is illuminated. 


LIGHT-EMITTING DIODE (LED)—A device containing a semiconductor 
PN junction that emits light when forward biased. 


LIGHT RESISTANCE—The internal resistance of a photosensitive device 
when it is illuminated. 


LUMEN—The unit of measure of light flux. One lumen is the quantity of 
light falling on the inside area of a spherical shell equal to r?; where r is 
the radius of the shell, from a one-candlepower source. 


OPTICAL COUPLER—A device that uses an internally generated and 
controlled light beam to transfer a signal from input to output. The 
optical coupler usually employs an LED and a photosensitive device 
such as a photodiode, phototransistor or photo SCR. 


PHOTOCELL—See PHOTOELECTRIC DEVICE. 
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IMPORTANT DEFINITIONS (Continued) 


PHOTOCONDUCTIVE EFFECT—The action in certain materials that 
causes them to change their internal resistance when bombarded with 
light energy. 


PHOTO DARLINGTON AMPLIFIER—A special type of phototransistor 
that utilizes two phototransistors connected in a Darlington arrange- 
ment to increase gain. 


PHOTODIODE—A photovoltaic device that is used as a light-sensitive 
diode. The photodiode converts light energy into electrical energy. 


PHOTOELECTRIC CELL—See PHOTOELECTRIC DEVICE. 


PHOTOELECTRIC DEVICE—A device that converts light energy into 
electrical energy or which changes its electrical characteristics with 
changes in light. 


PHOTOELECTRIC EFFECT—The action in certain materials that causes 
them to release electrons when they are bombarded with light energy. 


PHOTOELECTRONS—The electrons emitted from a light-sensitive mate- 
rial when it is bombarded with light energy. 


PHOTON—A little packet or bundle of light energy. 


PHOTO SCR—A four-layer light-sensitive semiconductor device similar to 
a conventional SCR, but controlled by light instead of an input voltage. 


PHOTOTRANSISTOR—A three-layer light-sensitive semiconductor device 
similar to a conventional transistor. The phototransistor responds to 
light applied to its basic region instead of an input base current. 


PHOTOVOLTAIC DEVICE—A photoelectric device that develops a volt- 
age when illuminated. 


SELENIUM PHOTOVOLTAIC CELL—A photovoltaic device that utilizes 
a selenium layer and a barrier layer to produce an output voltage when 
illuminated. 


SILICON PHOTOVOLTAIC CELL—A photovoltaic device that utilizes 
silicon material to form a PN junction that produces a voltage when 
illuminated. 


SPECTRAL SENSITIVITY—The relative sensitivity of a photosensitive 
material to light. Generally, each type of material exhibits a maximum 
sensitivity to light waves of a specific wavelength or color. 


THRESHOLD FREQUENCY—The frequency at which the photoelectric 
effect occurs. 
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PRACTICE EXERCISE SOLUTIONS 


. The lumen is a unit used to measure light flux. One lumen is the quantity of 


light from a one-candlepower source falling on a fraction of the inside 
surface of a sphere equal to r’, where r is the radius of the sphere. 


. The foot-candle is the unit of illumination. One foot-candle is equal to one 


lumen distributed over a surface of one square foot. 


. Photoelectrons are those electrons which are emitted from a light-sensitive 


material which is subjected to light energy. 


. Photons are the little packets, or bundles, of light energy. 
. (b) spectral sensitivity. 

. red-infrared 

. threshold 

. decrease 

. True 

. dark 


. The term “light resistance” refers to the resistance of a photoelectric cell 


when it is illuminated. 


. (b) 750. 

. False—The interlocking contacts decrease the light resistance. 

. False—Photoelectrons are emitted by the light-sensitive selenium layer. 
. (a) an increase in the output voltage. 

. True 

. (b) an increase in reverse current. 

. (a) more current than a photodiode. 


. False—Some phototransistors are constructed with three leads. 


(b) phototransistor. 


False—The photo Darlington amplifier provides a very high gain, but it is 
one of the slowest of all junction photoelectric devices. 
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————— ONE OF THE EXAMINATION 
I Bette Howet SCHOOLS CHECK SHEET 


1. B-A FOOT-CANDLE IS -- EQUAL TO 1 LUMEN DISTRIBUTED OVER A SURFACE OF 1 SQUARE 
HOOT: 
The foot-candle is the basic unit of measure of illumination, 


2. A- A CADMIUM SULPHIDE CELL IS A TYPE OF -- PHOTOCONDUCTIVE CELL, 
The cadmium sulphide cell is essentially a resistor that changes value when illuminated, The resistance 
of the device decreases as light intensity increases, 


3. C- IN THE PHOTODIODE CIRCUIT OF FIGURE 13, AN INCREASE IN LIGHT INTENSITY CAUSES 
-- AN INCREASE IN REVERSE CURRENT, 

The photodiode must be reverse biased to operate properly. The reverse current through the photodiode 
varies in direct proportion to the applied light, 


4, A - WHEN COMPARED WITH THE PHOTODIODE, THE PHOTOTRANSISTOR OFFERS -- A HIGHER 
OUTPUT CURRENT FOR A GIVEN LIGHT INTENSITY, 

The phototransistor acts like a photodiode and transistor amplifier all in one unit and therefore it passes 
a much higher current, 


5. D- THE CURRENT GAIN OF THE PHOTO DARLINGTON AMPLIFIER IN FIGURE 19 IS EQUAL TO 
-- THE CURRENT GAIN OF THE FIRST TRANSISTOR MULTIPLIED BY THE CURRENT GAIN OF THE 
SECOND TRANSISTOR, 

As with a conventional Darlington amplifier circuit, the overall current gain must equal the beta of the 
first transistor times the beta of the second transistor, 


6. A- A PHOTO SCR IS OFTEN USED IN APPLICATIONS WHERE -- RELATIVELY HIGH CURRENTS 
MUST BE CONTROLLED BY LIGHT, 

The photo SCR is essentially a light-controlled switch, except that light is used to turn on the photo SCR 
instead of a voltage. 


7. A- THE LED IS ESSENTIALLY A PN JUNCTION DIODE WHICH -- EMITS LIGHT WHEN FORWARD 
BIASED, 
The intensity of light is determined by the amount of forward current through the LED, 


8. B- THE LIGHT PRODUCED BY AN LED IS -- RELATIVELY PURE AND RESTRICTED TO A 
SINGLE COLOR, 

The color of the light produced by an LED is determined by the type of semiconductor material used in 
its construction, 


9. B-A MODERN OPTICAL COUPLER WILL OFTEN CONTAIN -- AN LED AND A PHOTOTRANSISTOR, 
An LED is also commonly used in conjunction with other devices such as a photodiode, a photo Darlington 
amplifier or a photo SCR, 


10, A - THE MATERIAL MOST COMMONLY USED IN THE CONSTRUCTION OF PHOTODIODES, 
PHOTOTRANSISTORS AND OTHER PHOTOSENSITIVE DEVICES WHICH UTILIZE PN JUNCTIONS IS -- 
SILICON, 

Silicon photosensitive devices respond well to the light produced by standard incandescent lamps and 
LED's, and may therefore be used in many applications, 
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IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 


SOnP 


errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A cube has 


LESSON CODE A = (A) two sides. (B) four sides. 


=] 


e me = (C) six sides. (D) eight sides. 


TOUS OURO OUKD OOOH UDR BUU0 U0UH OMU0 O00K COMO 


A foot-candle is 

(A) the amount of light developed by a 1-candlepower source. (B) equal to | lumen distributed over a 
surface of 1 square foot. (C) the light falling on a surface area of r?, where r is the radius of a sperical 
shell. (D) a measure of light flux. 


A cadmium sulphide cell is a type of 
(A) photoconductive cell. (B) photovoltaic cell. (C) phototransistor. (D) photodiode. 


In the photodiode circuit of Figure 13, an increase in light intensity causes 
(A) a decrease in forward current. (B) a decrease in reverse current. (C) an increase in reverse current. 
(D) an increase in forward current. 


When compared with the photodiode, the phototransistor offers 

(A) a higher output current for a given light intensity. (B) a much lower dark current. (C) a much faster 
response. (D) a lower output current for a given light intensity. 

The current gain of the photo Darlington amplifier shown in Figure 19 is equal to 

(A) the current gain of the output transistor. (B) the current gain of the first transistor plus the current 
gain of the second transistor. (C) the current gain of the first transistor. (D) the current gain of the first 
transistor multiplied by the current gain of the second transistor. 

A photo SCR is often used in applications where 

(A) relatively high currents must be controlled by light. (B) low-level ac signals must be amplified. (C) 
extremely low currents must be controlled by light. (D) high-level alternating currents must be 
amplified. 

The LED is essentially a PN junction diode which 

(A) emits light when forward biased. (B) emits light when reverse biased. (C) responds to light when 
reverse biased. (D) responds to light when forward biased. 


The light produced by an LED is 
(A) spread over the visible and near-infrared light spectrum. (B) relatively pure and restricted to a single 
color. (C) always in the near-infrared range. (D) always in the visible range. 


A modern optical coupler will often contain 
(A) an LED and a photoconductive cell. (B) an LED and a phototransistor. (C) a photovoltaic cell and a 
phototransistor. (D) a photodiode and a phototransistor. 


The material most commonly used in the construction of photodiodes, phototransistors and other 
photosensitive devices which utilize PN junctions is 
(A) silicon. (B) gallium arsenide. (C) gallium phosphide. (D) germanium. 
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23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 
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34. 


35. 
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yf 


38. 


True 
(b) gate-to-cathode resistance. 


False—The photo SCR turns on when light is applied but it can only be 
turned off by reducing its anode current below its particular holding value. 


(c) gallium arsenide. 


False—LED’s produce much lower light intensities than incandescent 
lamps. 


True 

False—The LED provides a relatively pure light if a single color. 
False—The LED must be forward biased to emit light. 

(a) electrical isolation is required. 

An optical coupler usually contains a near-infrared LED and a photosensi- 
tive device such as a photodiode, phototransistor or photo SCR. The two 
devices are separated by a light-conducting medium, which is usually a 


special type of infrared light-transmitting glass or a gas-filled cavity. 


False—Optical couplers which utilize photodiodes have a current gain that 
is less than unity. 


The photo Darlington optical coupler shown in Figure 30C would provide 
the greatest amplification of either a dc or an ac signal. 


The photo SCR type of optical coupler shown in Figure 30D would be used 
to switch relatively large currents or voltages. 


False—The photo SCR type of optical coupler requires two input leads and 
three output leads. The same is also true for some phototransistor types. 


(b) photovoltaic cell to measure temperature. 
(c) phototransistor. 


(a) decrease. 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A cube has 


PEDONGE ODE 5s & _ (A) two sides. (B) four sides. 
e aj (C) six sides. (D) eight sides. 


A foot-candle is 

(A) the amount of light developed by a 1-candlepower source. (B) equal to 1 lumen distributed over a 
surface of 1 square foot. (C) the light falling on a surface area of r?, where r is the radius of a sperical 
shell. (D) a measure of light flux. 


A cadmium sulphide cell is a type of 
(A) photoconductive cell. (B) photovoltaic cell. (C) phototransistor. (D) photodiode. 


In the photodiode circuit of Figure 13, an increase in light intensity causes 
(A) a decrease in forward current. (B) a decrease in reverse current. (C) an increase in reverse current. 
(D) an increase in forward current. 


When compared with the photodiode, the phototransistor offers 

(A) a higher output current for a given light intensity. (B) a much lower dark current. (C) a much faster 
response. (D) a lower output current for a given light intensity. 

The current gain of the photo Darlington amplifier shown in Figure 19 is equal to 

(A) the current gain of the output transistor. (B) the current gain of the first transistor plus the current 
gain of the second transistor. (C) the current gain of the first transistor. (D) the current gain of the first 
transistor multiplied by the current gain of the second transistor. 

A photo SCR is often used in applications where 

(A) relatively high currents must be controlled by light. (B) low-level ac signals must be amplified. (C) 
extremely low currents must be controlled by light. (D) high-level alternating currents must be 
amplified. 

The LED is essentially a PN junction diode which 

(A) emits light when forward biased. (B) emits light when reverse biased. (C) responds to light when 
reverse biased. (D) responds to light when forward biased. 


The light produced by an LED is 
(A) spread over the visible and near-infrared light spectrum. (B) relatively pure and restricted to a single 
color. (C) always in the near-infrared range. (D) always in the visible range. 


A modern optical coupler will often contain 
(A) an LED and a photoconductive cell. (B) an LED and a phototransistor. (C) a photovoltaic cell anda 
phototransistor. (D) a photodiode and a phototransistor. 


The material most commonly used in the construction of photodiodes, phototransistors and other 
photosensitive devices which utilize PN junctions is 
(A) silicon. (B) gallium arsenide. (C) gallium phosphide. (D) germanium. 
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The D’Arsonval meter movement is the heart of most electronic meters. By 


employing an electronic amplifier ahead of the meter movement, any desired 
sensitivity or selectivity can be obtained. 


Courtesy The Triplett Electrical Instrument Co. 
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The reward of one duty is 
the power to fulfill another. 
—Thomas Carlyle 
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ELECTRONIC METERS 


Meters are instruments that measure the effects of electricity. Depending on 
its circuit arrangement, a meter may measure voltage, current or resistance. 
There are many types of meters available. Some use transistors or vacuum 
tubes to increase the meter’s sensitivity or extend its limits of operation. We 


will use the term ELECTRONIC METER to describe a direct readin er 
that uses transistors or vacuum tubes. A meter whic is only an elec- 


tromechanical device will be- METER; eae 


Our discussion will center on those meters which utilize electromechanical 
meter movements since they are by far the most widely used types at this 
time. However, we will conclude by briefly examining a special type of 
meter which does not use any electromechanical device and which provides 
extremely accurate measurements. 


METERS AND METER CHARACTERISTICS 


Most electric and electronic meters are sim#ar—i ects. One 
similarity is that the two meters generally usé some type of meter movement 
_such as a-D*ARSONVAL METER MOVEMENT or TAUT-BAND METER 
MOVEMENT. The pointer deflection depends ends on the amount of cufrent 
through the meter movement. 


The other similarity is that both types of Meters use some type of input 
circuit. Meter input circuits are basically groups ‘of resistors s placed i in series 
or yr parallel with the meter movement in an electric meter, or at the input toa 


meter amplifier in an electronic meter. These resistors are usually referred to 
as SHUNTS when used in ammeters, MULTIPLIERS in voltmeters; or 
simply-RANGE RESISTORS, in other instruments. They are used to 
increase THE EMUE AE Tee cirereuce ther conc with the meter. 


A switch that selects the resistor or combination of resistors to give the 
desired range of readings is called a RANGE SWITCH. If the meter is a 
multiple function unit, such as a combination of ammeter, voltmeter and 


ohmmeter, it may also include a FUNCTION SWITCH to select the proper 


circuitry for the type of measurement desired. 


Figure 1A shows the electric meter in block diagram form. This meter is 
divided into two blocks: the input circuits and the meter movement. Figure 
1B shows the block diagram of an electronic meter. This meter is divided 
into four blocks: the input circuits, a transistor or vacuum tube amplifier, a 
power supply and a meter movement. The distinguishing feature of an 


a 
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Figure 1 


electronic meter, when compared to an electric meter, is the electronic 


iia 


amplifier a and its Power supply. 


LOADING AND IMPEDANCE 


Although electric and electronic meters both use current from the circuit 
being tested, there often is a considerable difference in the amounts of 
current required. The electric meter uses some of the test circuit current to 


operate the _meter_movement directly. €-eléctronic meter uses Smaller 
amounts of test circuit current to develop 5 ERAT for the-meter-amphifier. 


The_ operating current for the meter movement of the electronic meter is 
supplied by the pores supply y-and-amplifier  —_=_=_§$_-_____ 


Penerneceren _— 


The action of a meter using current from a test circuit i is called LOADING. 
Loading can cause an incorrect meter reading because it disturbs the 
voltages or currents normally present in the circuit being tested. 


When a meter is connected into a test circuit, a new circuit is formed that 
consists of the internal resistance of the meter in parallel or in series with 
part of the test circuit. This can change the operating conditions of the test 
circuit enough to make the measurements incorrect. The amount of test 
circuit loading depends on the internal resistance of the meter being used. 
Therefore, different meters may have different loading effects. The internal 
meter resistance, often referred to as the meter INPUT RESISTANCE; is 
the tota ce that a meter offers to test circuit current. 


ne ———— 


The internal resistance of the electric meter of Figure 1A depends on the 
combined resistance of the input circuits and the meter movement. In an 
electric voltmeter, each change of the range switch setting connects 
different multiplier resistors in series with the meter movement, changing 
the input resistance of the meter. The electronic meter shown in Figure 1B 
also has a set of voltage divider resistors between the input jacks. However, 
these resistors have much higher resistance values than do the multiplier 
resistors used in an electric meter. This is because only a small sample 
current or voltage is needed for the amplifier of the electronic meter. The 
meter movement is part of the amplifier. Because of this circuit arrange- 
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ment, the input resistance of the electronic meter remains high, and almost 
constant, as the setting of the range switch is changed. 


oe hig NEUE IMEEDANCE of an elec ee ee Or its 
<amplifier input sections. The term “impedance” is used because it refers to 
the totatoppesitien-a-circuit offers to current. Impedance is a combination of 
resistance and reactance. This reactance includes the capacitive effect of the 


wiring in the input circuits and the input capacitance of the vacuum tube or 
transistor. 


Figure 2 shows the effects of input impedance on the loading of test circuits. 
The test circuit has a total series resistance of 40,000 ohms (R, = 20,000 
ohms and R, = 20,000 ohms) connected across a 100-volt battery. Neglecting 
the meter circuit for a moment, the current through the 40,000-ohm circuit 
resistance with 100 volts applied is 19/49 999, or .0025 ampere. With two 
equal value resistors across the 100-volt source, the voltage across each 
resistor is half the source voltage, or 50 volts. 


Ry 
20k ELECTRIC METER 


Figure 2 


Now, suppose that you connect an electric meter with an internal resistance, 
Ry, of 20,000 ohms across resistor R,, as shown in Figure 2A. With the meter 
circuit and R, in parallel, the effective resistance from point A to point B is 
10,000 ohms. The total circuit resistance is now only 30,000 ohms instead of 
the original 40,000 ohms. Therefore, the total circuit current increases from 
.0025 amp to .0033 amp. Since the value of R, has been effectively changed 
by Ry, the voltage measured across R, will not be the TRUE VALUE. In 
this instance, the measured voltage across R, will be .0033 amp x 10,000 
ohms, or 33.3 volts. 


The same test circuit is used in Figure 2B, but an electronic meter with a 
10-megohm input impedance is connected across R,. The effective resis- 
tance of the parallel combination of R, and the electronic meter is about 
19,960 ohms. The total circuit resistance is now about 39,960 ohms, and 
Ohm’s Law shows that the current is approximately .002503 ampere. Now, 
the measured voltage across R, will be .002503 ampere x 19,960 ohms, or 
49.96 volts. 
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Let’s compare the effects of the two meter circuits in Figure 2. With the 
electric meter the measured voltage was 33.3 volts, and with the electronic 
meter the measured voltage was 49.96 volts. In this circuit, the electric meter 
causes an error of well over 30%, which cannot be tolerated in most 
situations. However, the electronic meter causes an error of less than 1% in 
this circuit, which can be disregarded in most situations. 


In summary, we can Say that the electronic meter reduces the loading effect ) 

caused by a meter being connected to a circuit because it leaves the circuit < 
operating conditions almost unchanged. This is an advantage, particularly in 
low-power, high-impedance circuits where electric meters can cause con- 
siderable disturbance and error. 


BALANCED BRIDGE 


The use of an amplifier in a meter provides a high input impedance which 
sosulis tir very little loading Of the circuit Under test. Another aavantaze Ts 
‘that the amplifier increases the effective Sensitivity Of the meter movement 

y while iso ‘hile isolating the meter movement from the test circuit. The sensitivity o 

ls ) the meter movement is increased because a very small test signal is 
amplified to cause greater deflection of the meter pointer. This permits the 
measurement of voltages that are too small to produce deflection of the 
average electric meter. 


In addition to amplification and high input impedances, the amplifier offers 
) lating it from the test circuit. 
internal characteristics of the amplifier limit the amou llector 
current which operates the meter movement. This eliminates the chance of 
damaging the meter movement because of large currents or voltages in the xX (ma) Y 
test circuit. 


A common circuit used in electronic meter amplifiers is the BRIDGE 
CIRCUIT. Figure 3A shows a simple bridge arrangement that has two 
circuit branches, R, + R, and R; + Ry. The voltage applied to each branch, a 
between ground and the positive terminal (+), causes current I, in one 
branch, and current I, in the other. A meter movement is connected between Figure 
the top ends of R, and Ry, at the points labeled X and Y. This divides the 3 
bridge circuit into four arms, R,, Ro, Rs and R4. 


The potential at X is due to current I, in the R,R, branch, and the potential at 
Y is due to current I, in the R3R, branch. Any change of resistance in either 
ry branch will change the current in that branch and thereby change the 
. potential at point X or Y. If R; = R; and R, = Rg, the potential at point X 
equals that at point Y, there is no current through the meter, and the bridge is 
said to be BALANCED. The meter pointer will not deflect. 
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If we replace R, with a smaller value or resistance, the total resistance of the 
left branch decreases and current I, increases. More voltage appears across 
R, and less across R,, making point X more positive than point Y. Current 
through the meter movement from point Y to point X causes the meter 
pointer to deflect. The meter pointer will deflect an amount proportional to 
the current in the meter movements. The current depends upon the 
difference of potential between points X and Y. Now, the bridge circuit is 
said to bb UNBALANCED. 


In an electronic amplifier bridge, one or more of the resistors may be 
replaced with active devices such as vacuum tubes or transistors. In earlier 
test instruments, vacuum tubes were used extensively, but today, transistors 
are commonly used in bridge circuits since they are more reliable and also 
more efficient. A typical transistorized bridge circuit is shown in Figure 3B. 
Notice that transistor Q, is being used instead of resistor R,. Base resistor Rp 
is also added so that transistor Q, can be properly biased. By adjusting the 
value of resistor Rg, it is possible to control the conduction of Q,, and 
therefore vary the resistance of that branch of the bridge circuit. Normally, 
the transistor is biased so that its collector-to-emitter voltage drop is equal to 
the voltage drop across R;. Since resistors R, and R, are equal in value, the 
bridge circuit will be effectively balanced. If the meter movement is again 
placed between the two branches at points X and Y, the meter pointer will 
rest at its zero point because the bridge is balanced at this time. 


The bridge circuit of Figure 3B responds to voltage changes at the base of 
transistor Q,. If the Q, base voltage is sufficiently positive, the transistor’s 
base current will increase, and Q, will conduct more, resulting in more 
current through the branch containing Q,. The increased branch current 
causes a larger voltage drop across R., which results in less voltage across 


Q.. 


The voltage at point Y remains constant because the values of R; and R, are 
fixed. However, the voltage at point X is now positive with respect to point 
Y because of the larger voltage drop across R,. This difference of potential 
across the meter movement causes current through the meter from point Y 
to point X, deflecting the meter pointer. 


If the positive Q, base voltage is increased further, the transistor will 
conduct even more. The voltage across R, will increase, and a greater 
difference of potential will exist between points X and Y. The current 
through the meter will therefore increase and the meter pointer will deflect 
even further. This means that the meter provides an indication that is 
proportional to the voltage applied to the base of Q,. 


Although the single transistor bridge circuit just described can be used in 
actual meter circuits, it is common practice to use two transistors. A bridge 
circuit which employs two transistors-is-shown in Figuré 3C- Transistor Q, 
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replaces resistor R;, just as transistor Q, replaced resistor R, in the original 
bridge circuit. 


If the two base resistors (Rg, and Rs.) are adjusted so that the two 
transistors conduct equally, the voltage across R, and the voltage across R, 
will be equal. The difference of potential between points X and Y will be 
zero and there will be no current through the meter. This indicates that the 
bridge circuit is balanced. 


ee ee 
Be eee soiree ae poems the sane basic 'funcuonas doe 
resi 3 in Figure 3B. The bridge circuit conditions are changed only by 
Variati i e Q, base voltage, and therefore the circuit operates in the 


same basic manner as the one-transistor circuit of Figure 3B. However, a 
definite advantage of the two-transistor circuit is th 


th_ sides of 
circuit have nearly identical temperature c Meee elo eee 
circul erefore more stable over long periods of time and it requires 
fewer adjustments. ee ee 


The two-transistor bridge circuit is commonly used in electronic meters. 
Additional components are also required for balancing and controlling the 


voltages applied to the circuit. A variable resistor is often connected e 


or more arms of the bridge circuit so that the circuit can be easily balanced 
pefore me ents are made. The variable resistor is adjusted for a zero 
meter reading, and is generally referred to as the ZERO ADJUST control. 
An input attenuator (made up of resistors) is used to reduce the test voltages 
applied to the bridge circuit, and switches are used to control the range of 


voltages which are applied to the circuit. 


— 


Because an electronic meter usually has an extremely high input impedance 
(to prevent loading), additional circuitry is required to compensate for the 
relatively low input impedance of the transistors. This is generally accom- 
plished by adding an additional amplifier stage (usually one or more 
transistors) with a negative feedback arrangement to increase the transistor 
circuit input impedance. 


Another commonly used bridge circuit is shown in Figure 4. This circuit 
employs two field-effect transistors (FET’s) instead of two junction transis- 
tors, as did the circuit of Figure 3C. This circuit is essentially a solid-state 
version of the vacuum tube circuit that was used in vacuum tube voltmeters 
(VTVM’s). The FET’s shown here are N-channel types, and are biased in the 
same manner as vacuum tubes. Resistors R, and R, provide the necessary 
bias voltages for Q, and Q,, respectively. The Q, gate (G) is connected to 
ground through base resistor Rg, and the Q, source (S) is connected to the 
positive side of resistor R,. The Q, gate is connected directly to ground, and 
the Q, source is connected to the positive side of resistor Ry. 
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With equal bias voltages and identical characteristics, the FET’s will 
conduct equal amounts of current, and the voltages across R, and R, will be 
equal. The difference of potential between points X and Y will be zero and 
there will be no current through the meter, indicating that the bridge circuit 
is balanced. 


Input signals, developed across Rg, are applied to the Q, gate, and Q, serves 
as areference FET because its bias voltage is held constant. When a positive 
voltage is applied to the Q, gate, Q, conduction increases, which increases 
the voltage across R,. Therefore, the voltage at point X becomes positive 
with respect to point Y, and there is current through the meter from point Y 
to point X. If the input voltage increases further, the meter pointer will 
deflect further by an amount proportional to the change in input voltage. 


The FET bridge circuit therefore performs the same basic function as the 
transistorized bridge circuit. However, Oe eae ee 
_advantage. _Because_an FET has an inherently high input ir input impedance, 
-additionat circuitry is not required solely for the purpose of maintaining a 
high mbedanee gee ene Only an additional input 
attenuator an € nge and zero adjust controls are required to 


complete the FET electronic meter circuit. 


Transistors and FET’s are widely used in electronic amplifier bridge circuits 
because they are compact and highly efficient. The low operating voltages 
required for these devices make them ideally suited for use in portable, 
battery-operated electronic meters. 


GENERAL PURPOSE 
TRANSISTORIZED VOLTMETER 


The most modern general purpose electronic meter available today is the 
TRANSISTORIZED VOLTMETER, abbreviated TRVM. The TRVM uses 
transistors rather than vacuum tubes in its amplifier section, and effectively 
replaces the older VACUUM TUBE VOLTMETER (VTVM) that was once 
widely used. There are a ing transistors instead of 


vacuum tubes. For example, the TRVM requires lower operating voltages 
for the _meter amplifier. Also, no heater supply is necessary. Because of 


these reduced power requirements, it is more practical to operate a 
transistorized meter from self-contained batteries. This makes it more 
portable and adaptable to field work than most general purpose VTVM’s. 


Figure 5 shows the TRVM designed by DeVry Institute of Technology. It 
can be used to measure ac or dc voltages and resistance, and it can also be 
used to measure a wide range of direct current. This is an advantage, 
particularly when working on transistor circuits. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


10. 


METERS AND METER CHARACTERISTICS 


LOADING AND IMPEDANCE 


BALANCED BRIDGE 


. Into what two general groups are meters divided? 


. What sections do both meter types usually have in common? 


. Compared to the electric meter, the electronic meter requires (a) more 


current from the test circuit, (b) less current from the test circuit. 


. When the electronic meter is used to measure the voltage drop across a 


resistor, the current for the meter movement is supplied by (a) the test 
circuit, (b) the power supply and amplifier section. 


. A meter loads a test circuit when the meter uses current from the test 


circuit. True or False? 


. The amount of loading of a test circuit by a meter is determined by 


the (a) internal meter resistance, (b) ability of the meter to measure resis- 
tance. 


. The input impedance of an electronic meter is the total opposition the 


meter offers to test circuit current. True or False? 


. Explain what is meant by balance in a bridge circuit. 


. In Figure 3B, Q, acts as a variable (a) capacitor, (b) inductor, (c) resistor. 


What are the reasons for using reference transistor Q, in the circuit of 
Figure 3C? . 
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11. What is the purpose of a ZERO ADJUST control in most electronic 
meters? 


12. If there is no voltage present in the bridge section of an electronic meter, 
what portion of the unit might be the source of the trouble? 


So cee 
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Figure 5 


Meter Amplifier and Meter Movement 


Figure 6 shows the schematic of the TRVM developed by DeVry Institute of 
Technology. The amplifier section of the TRVM contains four transistors. 
This particular amplifier arrangement is referred to as a DIFFERENTIAL 
AMPLIFIER. 
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Figure 6 


Figure 7A is a partial schematic of the TRVM that shows the differential 
amplifier. In this circuit, resistors R; and R, are part of a voltage divider 
between the input circuits and the transistors. Capacitor C, offers a low 
impedance path between one of the input jacks and the metal case when the 
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Figure 7 


meter is used for ac measurements. This provides a shielding effect and 
prevents erratic readings caused by stray signals. Current limiting resistor R; 
prevents overloading of Q, and Q;, and also reduces the loading effects of 
the transistors on the input circuit. Capacitor C, filters any pulsating dc input 
signals. Resistors Rg and R,. stabilize the operation of Q, and Q; by 
providing negative feedback which reduces the gain and increases the input 
impedance of each transistor. Resistors R, and R,) provide additional 
stabilization and further increase the circuit input impedance. ZERO 
ADJUST control P, is adjusted to obtain exact balance in the amplifier 
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circuits. It is set to position the meter pointer exactly over zero on the meter 
scale when no signal is applied. Resistors R, and R,3 are the collector load 
resistors for Q, and Q3;, respectively. R, and R,, are emitter load resistors for 
Q, and Q,, respectively. The output to the meter movement is developed 
across these two resistors. There is only one meter movement in the DeVry 
TRVM. The dashed meter movements in Figure 7A are shown only as an aid 
to understanding the operation of the TRVM. 


Assume that a dc voltage is being measured which makes point A more 
positive than point B, in Figure 7A. When point A is more positive than point 
B, Q, base current increases and Q, base current decreases. Q, collector 
current then increases and Q, collector current decreases. These collector 
current changes cause corresponding changes in the voltages across R, and 
R,3. These voltages serve as the input signals for transistors Q, and Q,. In 
turn, changes in Q, and Q, conduction provide the output of the differential 
amplifier. 


When point A is more positive than point B, the increase in Q, collector 
current causes an increase in voltage across R, and a decrease in the voltage 
at the Q, collector. This also decreases the Q, base voltage because the base 
of Q, is connected to the collector of Q,. The reduced voltage on the Q, base 
reduces the conduction of Q,. This reduction of Q, emitter current reduces 
the voltage across Ry, which makes the voltage at point X of Figure 7A less 
positive. 


hy aerran EL, geieuiimnae waseenae points A and B) increases the forward bias 
of Q,,it-also decreases the forward bias of Q,. With less forward bias;Q, 
conduction decreases, resulting in an increase in the voltage at the Q, 
collector. Because the base of Q, is connected to the Q, collector, the 
increase in Qs; collector voltage also increases conduction of Q,, which 
increases the voltage across R,,, making point Y more positive. Because the 
meter movement is connected between points X and Y, the difference in 
voltage between these two points will cause current in the meter movement 
and result in the desired pointer deflection. 


Figure 7B shows just a part of the second stage of the differential amplifier, 
with the meter movement connected between points X and Y. This circuit is 
redrawn to show the similarity to the transistorized bridge circuit of Figure 
3C. Any difference in Q, and Q, emitter currents produces a difference in 
potential between points X and Y, which causes meter current. 


Although transistors Q, and Q, are directly controlled by the first stage 
transistors (Q, and Qs), the basic bridge circuit is still formed as shown in 
Figure 7B. However, resistors R, and R,, serve as collector load resistors for 
the first stage transistors instead of being used as independent biasing 
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resistors. Also, an input signal is applied to each transistor instead of just 
one. The circuit shown in Figure 7A also permits the meter to indicate zero 
when the input voltage is zero. This condition is not possible when only the 
simplified bridge circuit of Figure 3C is used. 


The circuit action just described occurs whenever a positive dc voltage, ac 
voltage or resistance is measured by the meter. A negative dc input signal 
(point A more negative than point B) causes an opposite effect, with meter 
current from points Y to X. 


The lower portion of Figure 7A shows variable resistors connected in series 
with the meter movement. These resistors and the polarity of the meter 
movement are selected by the FUNCTION switch. The variable resistors 
are adjusted to obtain proper calibration of the meter for each function. This 
is done by reducing current through the meter movement until deflection of 
the pointer corresponds to the value of the measured calibration voltage, 
current or resistance. The vertical dashed lines of Figure 7A show the 
connections at different FUNCTION switch positions. 


The differential amplifier of the transistorized meter isolates the meter 
movement from the input signal. This protects the meter movement from 
being damaged by excessive current. This is because the resistance values in 
the amplifier circuit are selected to limit current to quantities that are not 
much greater than saturation collector current of the transistors. This 
prevents the voltage difference across points X and Y from becoming great 
enough to cause damaging current through the meter movement. The input 
circuit resistors also serve as voltage dividers that limit the amplitudes of 
input signal voltages to safe values, in almost all situations. 


Power Supply 


The source of the current used to deflect the meter pointer is the amplifier 
power supply. The DeVry TRVM power supply consists of four flashlight cells: 
one C cell and three D cells. The D cells are used to supply the operating 
voltage and current for the transistor circuits. The single C cell is used as a 
constant voltage source when the TRVM is used to measure resistance. 


The D cells are connected in series, for a total voltage of about 4.6 volts, 
when the cells are new. However, cells decrease in voltage as they are used. 
The transistor amplifier circuit can operate properly from about a 4-volt 
power source. This meter can therefore continue to use the supply batteries 
until the voltage drops to slightly less than 4 volts without affecting the meter 
accuracy. 
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Another example of the wide use of electronic meter tech- 
niques is the field strength meter shown above. This instru- 
ment measures the voltage induced into a test antenna by TV 
and FM stations. 


Courtesy Sencore 


A_special circuit is used to accommodate the changing ba oltage. This 
circuit includes BATTERY ADJUST control P; shown in Figure 6. P;, which 
is between the battery posifivé terminals and the amplifier circuit, is adjusted 
so that the voltage at the collectors of Q, and Q, is about 4 volts positive with 
respect to the negative battery terminal. This voltage is measured by the 
meter movement when the FUNCTION switch is at the BATT position. A 
special green mark at mid-scale on the meter’s faceplate indicates the proper 
voltage. As the D cells age, the setting of P; can be changed to compensate 
for the gradual drop in battery voltage. 


The single C cell is switched into the meter circuit whenever the meter is 
used to measure resistance. This battery supplies the current necessary to 
develop a signal for the meter amplifier when the FUNCTION switch is set 
to the OHMS position. 
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After making any measurements, you should turn the RANGE switch to the 
OFF position. In this way, you extend the life of the batteries. Since there 
are no tube heaters or other circuit elements that require any warm-up, the 
TRVM is ready to operate as soon as it is turned on. 


Input Circuits 


The TRVM has both FUNCTION and RANGE switches. The settings of 
these two switches determine the type of measurement made and the 
amount of input signal required to obtain full-scale meter deflection. 


Figure 8 


Figure 8A shows the construction of the RANGE and FUNCTION switches. 
They are multi-position, multi-deck switches. Figure 8B shows the function 
and range position relationships of the switches with respect to the contact 
arrangements on the switch rear decks, as viewed from the rear of the 
switches. The RANGE switch is shown on the left, and the FUNCTION 
switch on the right. Each terminal is labeled according to its operation. 


The RANGE switch is a two-section, five-position switch. As shown in 
Figure 8B, it has two rear deck wiper terminals (6 and 12) which ride 
continuously on the rotating contacts. These points are labeled COMMON 
in Figure 8B. Terminals 8 and 9 are not used. The FUNCTION switch is a 
two-section, six-position switch. Its common points are terminals 5A and 
11A. Each rotating contactor has an extended point or tab which connects to 
stationary contact points around the switch deck as the shaft is rotated. 
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These tabs connect the different circuits to the amplifier and meter move- 
ment. 


The labeling of the switch contacts of each control ‘shown in Figure 6 is as 
follows: the first letter refers to control operation, F for FUNCTION or R 
for RANGE switch; the second letter refers to the deck; while the following 
number (a letter may also appear) refers to the terminal. 
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Figure 9 


A simplified drawing of the dc input circuit of the TRVM is shown in Figure 
9. This partial circuit is basically the same for both +DC and —DC function 
switch settings. The FUNCTION switch is set at +DC and the RANGE 
switch is set at x1. The meter is being used to measure the emitter-to-ground 
voltage of a transistor amplifier. This voltage is applied to J, and J,, with J, 
more positive than J,. With this RANGE switch setting, the dc input to J, is 
applied directly to resistors R; and R, between the input jacks, and the input 
to J, goes directly to the base of transistor Q;. 


When the RANGE switch is set at x 10, R, is connected into the input circuit 
in series with R, and R,. The dc test input voltage is then divided between Rj. 
R; and R,. The voltage across R, is the de signal applied to the transistor 
circuit through R; and across C3. 


When the RANGE switch is set at x 100, resistors R,, and R, are connected 
across the meter input. The series combination of R; and R, is then in 
parallel with R,,, which causes more of the input voltage to be dropped 
across R,. Again, the voltage across C; is applied to the transistor circuit. 


When the RANGE switch is set at x 1000, R,s is connected into the circuit in 
place of Rig. Now, even more of the input voltage is dropped across R,. Each 
RANGE switch resistor has a 1% tolerance, which makes the voltage 
readings very accurate for any RANGE switch setting. 
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A dc signal must be applied to the transistor base circuit regardless of the 
type of Measurement being made- Therefore, to measure an ac test voltage, 
the in nput circuits must have some means of changing the ac voltage to dc. To 
do this, a rectifier is « connected in the input circuits. When an ac voltage is 

applied to the i input jacks, the rectifier circuit produces a dc voltage which is 
eee equal to the peak value of the applied ac voltage. 


Figure 10 shows a simplified schematic diagram of the ac input circuit for the 
TRVM shown in Figure 6. Assume that an ac voltage is being measured. 
With the FUNCTION switch set at AC and the RANGE switch set at x10, 
the ac voltage being measured is applied to input jacks J, and J,. Capacitor 
C, at the J, input has a relatively low reactance at the frequencies normally 
measured, so that most of the ac signal voltage appears across Ry4, Ris, Rie 
and R,,. These resistors act as a voltage divider, reducing the ac voltage 
applied to the rectifier circuit. 


TO 
TRANSISTOR 
CIRCUIT 


Figure 10 


Diode D, conducts when the input signal makes J, positive with respect to J,. 
Current is from J, through C, and R,,, through the RANGE switch (RA; and 
RA,), through C,, and D, (cathode to anode), and through the FUNCTION 
switch (FC,, and FC,,,) to Jz. When D, conducts, its low forward-biased 
resistance allows C, to charge to the approximate peak value of the ac 
voltage across switch contacts RA, and FC, . The polarity of this charge is 
shown in Figure 10. Capacitor C, has a high-resistance discharge path when 
D, is not conducting, so that C, remains almost completely charged, and D, 
conducts very little after the first few negative alternations of the ac input 
signal. 


During the alternations when J, is more positive than J,, the positive signal at 
J, adds to the charge on C,. This half-wave rectified positive dc voltage at the 
junction of C, and D, is applied through the FUNCTION switch (FAio, 
FA,;,, FBi:, and FB,9) to resistors R,, Rs and Ry. This voltage also charges 
capacitor C, through R;. The resultant charge, voltage filtered by C3, causes 
signal current in the base circuits of transistors Q, and Qs. 
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To measure resistance, the TRVM FUNCTION switch is set to OHMS, and 
the OHMS ADJUST control is used to zero the meter pointer. With this 
meter set to measure resistance, a 1.5-volt C cell is connected into the meter 
input circuit. Depending on the RANGE switch setting, the C cell is 
connected to one of the resistors Ryy to R,3 on deck B of the RANGE switch. 
These resistors are connected into the input circuits for different ranges of 
resistance measurements. 
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Figure 11 


Figure 11 shows a simplified diagram of the OHMS input circuit for the 
TRVM of Figure 6. Assume that you are measuring an unknown resistance 
and the RANGE switch is set at x10. When the unknown resistance, Rx, is 
connected between input jacks J, and J,, a complete series circuit is formed 
from the negative terminal of the 1.5-volt C cell, through switch contacts 
FA,, and FA,,,, through J, and Rx, through J,, the FUNCTION switch 
(FC,,, and FC,,), Roo, and the RANGE switch (RB; and RB,) to the positive 
terminal of the C cell. Part of the C cell voltage is across Rx, and the rest of 
the voltage is across Ry». The voltage across R.. causes current through P,, 
the OHMS ADJUST control, and resistors R; and R,. In turn, the voltage 
across R, charges C; through R; to supply a signal to the transistor circuit. 


The amount of pointer deflection depends on the ratio of the voltage drops 
across the unknown resistance, Rx, and the range resistor. If the unknown 
resistance is small compared to the ohms range resistor, the largest portion 
of the voltage is across the range resistor. This results in more signal to the 
amplifier and more current through the meter movement. This causes a large 
deflection of the meter pointer. If the unknown resistance is large, there is 
only a small portion of the voltage across the ohms range resistor, and the 
meter pointer does not deflect as far. The OHMS scale on the meter 
faceplate is for a SERIES OHMMETER, with zero ohms at the right end of 
the scale. This means that a reading of zero ohms will cause maximum 
deflection of the meter pointer, and reading of infinite resistance will cause 
no meter pointer deflection. 


The general purpose TRVM shown in Figure 6 measures direct current in the 
microampere range without special equipment. For example, the TRVM can 
be used to measure the base, emitter or collector current of a transistor 
amplifier in a radio receiver. The TRVM does this by measuring the small 
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voltage drop across low-resistance, high-precision resistors placed in SE- 
RIES with a test circuit. Test circuit current, passing through one of these 
precision resistors, causes a small voltage to appear across it. These special 
resistors are in the meter and are selected by the RANGE switch. 
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Figure 12 


To measure current, the FUNCTION switch is set to the wA position. In this 
FUNCTION switch setting, one of the resistors of deck B on the RANGE 
switch (R,, to R27) is connected into the input circuits as shown in Figure 12. 


Transistorized electronic meters permit operation away from 
the power lines. The unit shown above employs field effect 
transistors to obtain a high input impedance. 

Courtesy Dynascan Corp. 
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Which resistor is selected depends on the setting of the RANGE switch. For 
proper meter pointer deflection, input jack J, must be connected to a less 
positive point than input jack J,. There is a complete current path from J, 
through one of the current range resistors to J, and the circuit being tested. 


Figure 12 shows the direct current input circuit with the FUNCTION switch 
set at wA and the RANGE switch set at x10. Assume that the test leads are 
inserted in series with the collector circuit of a transistor amplifier for a 
collector current measurement. The direct current range resistors are in 
series with the circuit under test. Test circuit current is from J, through Rog, 
through the RANGE switch (RB, and RB,,), and the FUNCTION switch 
FB,., FByia, FAia and FA,,), to J; and back to the circuit under test. The 
amount of current through R., determines the voltage drop across Rog, and 
this voltage is the signal applied to the transistor circuits. The resulting 
transistor base current is amplified and causes the meter pointer to deflect. 


Operating the Meter 


The complete TRVM circuit of Figure 6 is contained in a compact case for 
easy handling and portability. The external appearance of any commercial 
meter depends on what the manufacturer feels is the best design for its 
intended uses. The control locations may vary, and the controls may differ in 
size and shape. 


The meter movement of the DeVry TRVM described in this lesson is 
mounted on the upper half of the front panel. The FUNCTION and RANGE 
switches are located below the meter movement. The ZERO ADJUST 
control and OHMS ADJUST control are mounted between the meter 
movement and the RANGE and FUNCTION switches. 


The OHMS ADJUST control varies the pointer position at the right side of 
the meter scale when resistances are measured. It is adjusted to make the 
pointer rest over-the zero mark at the right end of the OHMS scale when the 
test prods are touched together (zero resistance). The ZE 


control varies the pointer position on the left side of the meter scale. Before 
any meas S are made, the ZERO ADJUST Control is positioned so 


that the pointer rests over the zero marks at the left end of the meter scales. 


The RANGE switch determines the amount of signal applied to the amplifier 
and meter movement. It also serves as the on-off switch. When the RANGE 
switch is in its maximum counterclockwise position, the transistor circuits 
are disconnected from the meter circuit. At any other setting, the input 
voltage divider is connected to the meter circuits. The FUNCTION switch 
changes the internal meter circuits to allow the meter to measure the +dc or 
—dc voltage, ac voltage resistance, or direct current. To measure direct 
current, the FUNCTION switch is set at its maximum clockwise position. In 
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the fully counterclockwise position, the meter can check the TRVM’s power 
supply. 


The input jacks are located below the RANGE and FUNCTION switches. 
Only one set of input jacks is used in this meter, making it unnecessary to 
change the test leads to different jack positions with every different type of 
measurement. 


This general purpose DeVry TRVM uses different color-coded meter scales. 
The color of the labeling at each FUNCTION switch setting is the same 
color as the associated meter scale. This feature reduces chances of your 
reading the wrong scale for a particular measurement. 


The DeVry TRVM has five scales. The green OHMS scale at the top is a 
nonlinear scale which begins with 0 on the right and ends with ~ on the left. 
The major divisions are spaced closer together on the left side of the scale 
than on the right. The black DC VOLTS scale is a linear scale and is used to 
measure the +dc and —dc voltages. The scale divisions are equally spaced 
and start at the left with 0 and end at the right with 1.0. The DC yA scale, 
used to measure direct currents, starts at the left with 0 and ends at the right 
with 50. A red nonlinear scale, under the direct current scale, is used to 
measure ac voltages. The ac voltage scale extends from 0 at the left to 5S at 
the right and is labeled AC VOLTS. Below the ac scale is the dc 
GALVANOMETER scale. When the ZERO ADJUST control is used to 
position the meter pointer over zero on this galvanometer scale, this becomes 
a direct current scale with a deflection of 25 wA to either side of zero center. 
It is used with the FUNCTION switch set to pA. 


A green rectangle on the meter face, labeled BATT ADJ, aids in setting the 
battery supply voltage to the proper value for the amplifier circuit. When the 
FUNCTION switch is set at BATT and the RANGE switch is any xX 
position, the meter pointer should deflect to the rectangle of the battery 
adjust scale. Adjustment is made by varying the BATT ADJ control at the 
rear of the instrument. When you make this adjustment, be sure to position 
the pointer at the center of the rectangle. 


The DeVry TRVM also has controls which are used to calibrate the 
instrument. The calibration controls are located inside the rear of the case 
and are adjusted through holes in the case. Calibration is accomplished by 
applying a known signal to the meter inputs and adjusting the associated 
calibration control until the meter pointer rests over the scale value equal to 
the known input. Figure 13 shows the location of these controls. 


When the FUNCTION switch is set for a particular function, an associated 
calibration control is placed in series with the meter movement. These 
controls are variable resistors which adjust the meter pointer setting by 
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changing the resistance offered to the current in the meter movement. The 
electrical connections of the calibration control are shown in Figures 6 and 
7A. An alignment tool or a narrow-bladed screwdriver can be used to adjust 
the calibration controls. 


When compensating for changes in battery voltage, it is not necessary to 
apply an external signal to the meter input. By turning the FUNCTION 
switch to BATT, the de voltage at the BATT ADJ control, Ps, is applied to 
the transistors. Figure 14 shows that this voltage also causes current through 
R,s (a 7870 ohm resistor) and the meter movement. Since the meter 
movement requires 1 mA for full-scale deflection, .5 mA through the 
movement causes half-scale deflection. Multiplying 7870 ohms by .S mA, we 
find that approximately 4 volts (3.935 volts, to be exact) produces half-scale 
deflection. Deflection to the center of the green area of the meter face 
(BATT ADJ) corresponds to this voltage. Therefore, the BATT ADJ control 
should be adjusted until the meter pointer rests at mid scale in the green 
area. 


Figure 14 


ACCESSORY EQUIPMENT FOR 
ELECTRONIC METERS 


The DeVry TRVM and most other general purpose electronic meters may be 
used with various accessories which can increase the measuring capability 
of these instruments. The most common accessories are cable assemblies, 


Probes and shunts. Cable assemblies come in “many different lengths-and 


NT 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


GENERAL PURPOSE TRANSISTORIZED VOLTMETER 
METER AMPLIFIER AND METER MOVEMENT 
POWER SUPPLY 
INPUT CIRCUITS 


OPERATING THE METER 


In Figure 6, the base-to-emitter bias of each transistor determines the 
amount of current through each transistor in the differential amplifier 
circuit. True or False? 


Figure 3C shows a bridge circuit where only one arm changes value to 
produce unbalance. Is this also true of Figure 7B? 


In Figure 7A, the voltage supplied to the TRVM transistors is controlled by 
the setting of P;. What is the advantage of this? 


Why is it possible to operate the TRVM as soon as it is turned on? 


How is the signal applied to the transistor circuits made smaller when the 
TRVM is switched from the x1 DCV range to the x10 range? 


The TRVM effectively measures a dc voltage proportional to the peak 
value of an ac test voltage that is applied at the proper meter input jacks. 
True or False? 


When the TRVM of Figure 6 is used to measure an ac test voltage, 
capacitor C; acts as a filter capacitor to remove the ripple in the rectified 
signal. True or False? 


What is the operating principle for the resistance-measuring circuit of the 
TRVM? 
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21. How does the TRVM measure direct current? 


22. How do the calibration controls change the deflection of a meter pointer? 


have many types and combinations of terminal devices (for example, banana 
plugs or alligator clips). For working in high-frequency circuits, the cable 


assemblies are shielded. Probes a ces which can be added to the meter 
inputs-to-extend the instrument’s normal operating range. — oe 
ae a 


Figure 15A shows the simplest meter probe, the resistance probe. Resistance 
probes can be used to extend the voltage range of a voltmeter. If an 
electronic meter has an input impedance of 10 megohms, a resistance of 990 
megohms is used in a test probe to extend the measuring range 100 times. 


This resistance is connected in series with the input circuit. 
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Figure 15 


Resistances as high as 12,000 megohms may be used in test probes designed 
for high voltage use. High-voltage probes are usually longer than other 
resistance probes. They are constructed with a long exterior leakage path, to 
prevent arcing of high voltages from the circuit being tested, which could 
result in possible shock to the user. A typical high-voltage probe is shown in 
Figure 15B. Notice the special construction used to insure safety to the user. 
The probe is applied to the high-voltage point after the probe’s plugs are 
inserted into the meter and the safety ground clip is fastened to a common, 
or grounded portion of the circuit being tested. 


a ee before they are fed 
through the cable to the meter input. This prevents signal losses that would 
occur if the high frequencies were passed through a long cable. Figure 16 
shows a typical diode probe. Here, a solid-state diode is used in the test 
probe. The probe is applied to the ac test signal after the ground clip has 
been connected to the test circuit. When the signal at the anode is positive, 
effectively no signal is applied to the meter. When the anode is made 
negative, a signal equal to the voltage from ground to the diode cathode is 
applied to the meter. By using rectifier probes, a dc voltmeter can be used to 
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Figure 16 


measure ac voltages. However, you should not exceed the voltage rating of 
the probe when making measurements. 


It is possible to extend the current measuring range of the TRVM of Figure 6 
by means of external shunt resistors. By means of these shunts, currents of 
up to 5S amperes may safely be measured by the meter. This greatly extends 
the usefulness of any TRVM. The shunt is placed in parallel with the input 
circuit. A current shunt is shown in Figure 17. The shunt is made from a 
connector which has two plugs on one end and two jacks on the other end. 
The plugs and jacks are connected together so that a signal appearing at the 
plugs will also appear at the jacks. By connecting an external resistor across 
the plugs as shown, a current shunt is produced. To use the shunt, the test 
leads must first be removed from the meter. Then, the shunt is plugged into 
the meter jacks and the test leads are plugged into the shunt. This . 
automatically places the shunt resistance across the input circuit. 


THE DIGITAL MULTIMETER 


The TRVM previously described represents one of the most commonly used 
meters for performing general electrical or electronic repairs. However, in 
recent years another type of electronic measuring instrument has become 
increasingly popular. This instrument is commonly referred to as a DIGI- 
TAL MULTIMETER. The digital multimeter performs the same basic 
functions as the transistorized meter; however, a different measurement 
technique is used and the results are displayed in a different way. 


The digital multimeter may be referred to as a special type ctronic 


—, SS Gees pe . . . 
meter. Like the electronic meters discussed previously, the digital multime- 


ter requires a power supply for operation. The digital multimeter also 
contains circuits which amplify and convert the measured voltage, current 
or resistance into a form suitable for display. However, the way in which the 
measured quantity is displayed is completely different. The digital multime- 


Co 
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ter displays the measured quantity as a group of individual numbers, or 
digits, instead of as a meter indication. By displaying the results as a group 


of digits, there_is less chance for error. In other words, the operator is 
allowed to read the results directly in numerical form and is not required to 
interpret a meter indication. 


Because operator errors are reduced and the measured quantity is expressed 
in digital form, greater measurement accuracy 1s obtained when Using a 
digital multimeter. Also, since the digital multimeter uses all electronic 
components, its operation is inherently faster than that of the transistorized 


meter which uses a meter movement. 


Basic Operation 


A detailed analysis of a general purpose digital multimeter is not possible at 
this time because the device contains several types of circuits with which 
you are not yet familiar. However, a functional analysis of the instrument is 
possible. 
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A simplified block diagram of a typical digital multimeter is shown in Figure 
18. Notice that the multimeter has two inputs. When the multimeter is used 
to measure ac Meet Sate ae SEES) one input is used; and, when 
alternating current or direct current is to be measured, the other input is 
used. The third input terminal serves as a common connection point. 


The digital multimeter is equipped with FUNCTION and RANGE switches 
for the type of measurement to be made and for the range of values to be 
measured. These switches perform the same basic functions as the FUNC- 
TION and RANGE switches used on the TRVM previously discussed. 


Assume that the FUNCTION and RANGE switches are set so that the 
multimeter will measure dc voltages. The unknown dc voltage must first be 
applied to the proper input. The input voltage will then pass through a 
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The ohm e_ voltage divider to 


voltage divider or attenuator network which reduces the input voltage to a 
level which can be safely handled by the multimeter. 


The dc voltage is then applied through the FUNCTION and RANGE 
switches directly to a voltage-to-frequency converter. The voltage-to- 


frequency converter changes the de voltage in ac signal Which aa 
frequency ir in 1 proportio gnitude and polarity of t € measure 


voltage. This output frequency is then applied to a grou scares 
2 . . ° . 
which actually count and record the frequency in a very brief period of time. 


The information stored in the digital counters is then applied to a digital 
display where the information is presented as a group of visual numbers 
which indicate the exact dc voltage that is being applied to the input 
terminals. The entire operation obviously requires precision timing, and in 
order for each circuit to perform its function at the right time, special control 
circuits are required. The control circuits also insure that each circuit has 
time to respond to its particular input signal. 


If the multimeter is to be used to measure an ac voltage, the FUNCTION 
and RANGE switches must be appropriately set for this purpose. The ac 
voltage is first applied across the voltage divider where it is reduced to a 


convenient level. The signal is then applied to an ac converter where it is 


changed to a dc voltage that varies in proportion to the amplitude of the ac 
Input. The de output voltage is next applied to the voltage-to-frequency 


converter where it is changed to an ac signal frequency which is then 
counted and displayed. The displayed numbers correspond to the ac voltage 
at the input terminals. 


When the multimeter is used to measure resistance, the FUNCTION and 
RANGE switches must be appropriately set for this purpose. The unknown 
resistance is connected to the same input terminals used to measure ac or dc 


voltages. However, his mode of operation, th iS 
connected to an ohms converteT a portio the voltage divider. 
Ss in 1 i 


produce an output dc voltage which is proportional to the value o 
unknown resistance. This dc voltage is then applied to the remaining circuits 
where it is processed in the same manner as before, and the numbers which 
appear on the digital display represent the value of the unknown resistor. 


When the multimeter is used to measure either alternating or direct current, 
the appropriate input terminals must be used, as shown in Figure 18. The 
unknown current must pass through current shunts (resistors) which are 
selected by the RANGE switch. The input alternating or direct currents 
through these shunt resistors produce appropriate ac or dc voltages which 
then can be processed by the remaining circuits. If an alternating current is 
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being measured, the FUNCTION switch must be appropriately set so that 
the ac voltage developed across the selected shunt resistor is applied to the 
ac converter. The output of the converter is then processed by the remaining 
circuits and the digital display presents a series of numbers which indicate 
the value of the input current. 


If a direct current is being measured, the FUNCTION switch is set so that 
the dc voltage developed across the selected input shunt resistor is applied 
directly to the voltage-to-frequency converter. The signal is then processed 
in the same manner as before and the digital display presents a direct current 
reading. 


The RANGE switches are actually used to select the voltage divider and 
current shunt components. The RANGE switch therefore insures that the 
input voltages and currents are reduced to levels which can be handled by 
the circuits in the multimeter. The FUNCTION switch insures that the 
appropriate input circuits are used to convert each input quantity into a dc 
voltage that corresponds to the value of the input quantity. This dc voltage is 
then processed by the remaining circuits and an appropriate digital readout 
is obtained. 


Using the Digital Multimeter 


The digital multimeter is extremely easy to operate. The device usually 
contains a minimum number of controls or switches, and because of the use 
of transistors and integrated circuits, it is usually quite small and light in 
weight. A typical digital voltmeter is shown in Figure 19. This device 


FUNCTION SWITCHES 


200MV veo INPUT 
Z00pA : TERMINALS 
2002 2 at 


RANGE SWITCHES POWER SWITCH 


Figure 19 


7420 
29 


ELECTRONIC METERS 


ELECTRONIC METERS 


incorporates all of the circuitry shown in Figure 18, and it is representative 
of the compact and modern units currently in use. 


The digital multimeter shown in Figure 19 requires 120-volt, 60-Hz power for 
operation. To activate the unit it is necessary only to depress the ON-OFF 
pushbutton POWER switch located on the front panel. If this switch were 
depressed again, the unit would be turned off. 


The input terminals (actually test lead jacks) are also located on the front 
panel and are appropriately identified. The COMMON terminal serves as a 
common connection point for the other two input terminals. One input 
terminal is identified by the letters MA. This terminal and the COMMON 
terminal are used when measuring either an alternating or direct current. The 
letters MA (for milliamperes) are used since the multimeter measures 
current in milliamperes on all but one range. When voltages or resistances 
are to be measured, the V-(© terminal and the COMMON terminal are used. 
A pair of red and black test leads are used to apply signals to the input 
terminals of the digital multimeter. When using the multimeter, it is 
therefore necessary to plug the two test leads into the appropriate terminals 
or test lead jacks. 


The FUNCTION and RANGE switches are also located on the front panel. 
Five FUNCTION switches are used to select the type of measurement to be 
made. These switches are pushbutton types and only one can be activated at 
a time. Each time a new pushbutton is depressed, a previously depressed 
pushbutton will return to its original (off) position. For example, if an ac 
voltage must be measured, the ACV pushbutton must be depressed, or if a 
dc voltage must be measured, the DCV pushbutton must be depressed. 
When alternating or direct currents must be measured, the AC MA or DC 
MA pushbuttons must be depressed. When resistance must be measured, the 
KQ, pushbutton must be depressed. 


The RANGE switches operate in the same manner as the FUNCTION 
switches. However, these pushbutton switches are used to determine the 
maximum voltage, current or resistance that can be measured by the 
multimeter. For example, if the 200 MV—200 pA—2000 pushbutton is 
depressed, the multimeter cannot measure a voltage that is greater than 200 
millivolts, a current greater than 200 microamperes, or a resistance greater 
than 200 ohms. If the switch which is identified by the number 2 is 
depressed, the maximum voltage, current or resistance to be measured 
cannot exceed 2 volts, 2 milliamperes or 2K ohms. The switches labeled 20 
and 200 simply extend the maximum range of the multimeter even further. 
The 1200V—2000 MA—2000 KO, switch establishes the maximum input 
levels which can be applied to the multimeter. With this switch depressed, 
the device will measure voltages as high as 1200 volts, currents as high as 
2000 milliamperes (2 amperes), and a resistance as high as 2000K ohms. 
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The FUNCTION and RANGE switches must be used together to control the 
operation of the multimeter. For example, if you wanted to measure the 
120-volt, 60-Hz ac voltage from a standard wall receptacle, you must first 
depress the ACV (FUNCTION) switch and the 200 (RANGE) switch. The 
multimeter would then display the number 120.0 if the voltage is exactly 


‘equal to 120 volts. As another example, assume that you wanted to measure 


the output voltage from a standard 1.5-volt flashlight cell. You would 
depress the DCV (FUNCTION) switch and the 2 (RANGE) switch. The 
negative side of the cell should then be connected to the COMMON terminal 
on the multimeter and the positive side of the cell to the V- terminal on the 
meter. The multimeter should then indicate the exact voltage of the cell, and 
the polarity of the voltage with respect to the COMMON input terminal. A 
typical reading for a new battery would be +1.570 volts. If the leads to the 
cell were reversed, the multimeter would indicate a voltage of —1.570 volts, 
since the V-(Q terminal would be negative with respect to the COMMON 
terminal. 


If you wished to measure a direct current of approximately 100 milliam- 
peres, you would depress the DC MA (FUNCTION) switch and the 200 
(RANGE) switch. The exact current value (up to 200 mA) would then be 
displayed when the measurement was taken. To measure a resistance of 100 
ohms you would depress the KQ (FUNCTION) switch and the 2000 
(RANGE) switch. The exact value of resistance (up to 200 ohms) would then 
be displayed. 


When selecting the proper RANGE pushbutton, the same general rules 
should be followed as when using the TRVM or any other multimeter. 
Always select a range that you expect to measure. Of course, when the value 
of the quantity to be measured is unknown, you should start with the highest 
range and work your way down. 


The digital multimeter shown in Figure 19 displays four digits, or individual 
numbers. Each of the three digits on the right side of the display (9, 1 and 6) 
can change to any number from 0 to 9. However, the digit on the left side of 


the display can only change toa 0 ora 1. A digital ich is 


designed referred to as d one-half ae 
imeter since one igits cannot change to all of the numb 
to 9. The digital multimeter shown in Figure 19 is therefore capable " 
displaying a number as low as 0000 or a number as high as 1999. This means 
that the maximum number that can be displayed will always be less than the 
selected range. For example, when the 200 (RANGE) switch is selected, the 
multimeter can only display a maximum number of 199.9 and when 2 
(RANGE) switch is selected, the maximum number is 1.999. 


All four digits are always used and a decimal point is automatically placed 
between the appropriate numbers to correspond to the selected range. A 
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plus or minus sign always appears at the left side of the display when 
measuring direct currents or voltages to indicate the polarity of the currents 
or voltages at the input terminals. 


Like the TRVM, the digital multimeter h high input impedance. A typical 
value of input impedance for a meter like the one shown in Figure 19 would 
be approximately 10 megohms. Most digital multimeters are also protected 


against high voltages which might be accidentally applied to the input 
terminals during normal use. 


Digital multimeters may also be classified as portable test instruments since 
many of them are available with optional batteries. This is possible because 
of the low voltage and current requirements of the transistors and integrated 
circuits in the digital multimeters. 


SUMMARY 


Both electric and electronic meters are used to measure voltage, current and 
resistance. An electric meter used to measure these quantities loads the test 
circuit to a certain extent. This loading effect, caused by the meter, changes 
the test circuit operation and can result in incorrect measurements. The 
electronic meter was developed to overcome the disadvantages of loading 
the circuit under test. 


An electronic meter has an amplifier and power supply in addition to the 
meter movement and input circuits. 


The heart of the electric meter is the meter movement, which uses test 
circuit current to cause the pointer to deflect. In an electronic meter, the 
current for the meter movement is supplied by the amplifier and power 
supply sections. The amplifier in an electronic meter increases the meter 
input impedance, increases meter sensitivity, offers overload protection and 
makes it possible to measure a wider range of frequencies than can be 
measured by an electric meter. 


The TRVM is a multi-purpose meter which may be used to measure more 
than one quantity. This device represents one of the most commonly used 
test instruments, since it is ideally suited for either shop or field repair work. 


Many types of accessory equipment are available for use with meters. An 
important accessory is the meter probe. It contains an element used to 
isolate the meter from the test circuit, rectify an ac signal, or block a dc 
signal. Another very important meter accessory is the current shunt. These 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


23. 


24. 


26. 


27. 


28. 


29. 


30. 


ACCESSORY EQUIPMENT FOR ELECTRONIC METERS 
THE DIGITAL MULTIMETER 
BASIC OPERATION 


USING THE DIGITAL MULTIMETER 


What type of probe would you use with a meter having a 10 megohm input 
impedance to measure the voltage (about 25 kV dc) of the high-voltage 
rectifier section in a color TV receiver? 


Why are current shunts commonly used? 


. What is the advantage of rectifying a high-frequency signal within the test 


probe instead of in the meter circuit? 


One advantage in using the digital multimeter is that there is less chance of 
operator error. True or False? 


The digital multimeter is equipped with FUNCTION and RANGE switches 
which perform the same basic functions as the FUNCTION and RANGE 
switches used on the TRVM. True or False? 


When the digital multimeter shown in Figure 19 is used to measure a 
10-volt ac signal, which RANGE and FUNCTION pushbuttons must be 
depressed? 


When using the digital multimeter in Figure 19 to measure dc voltage, 
which input terminals are used? 


If the digital multimeter displays the number —1.500 and the DCV 
(FUNCTION) and 2 (RANGE) pushbuttons are depressed, what is the 
value and polarity of the voltage being measured? 
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The digital multimeter shown in Figure 19 is commonly referred to as a (a) 
one and one-half digit multimeter, (b) two and one-half digit multimeter, 
(c) three and one-half digit multimeter, (d) four and one-half digit 
multimeter. 


When the digital multimeter shown in Figure 19 is used to measure 
resistance, the unknown resistor must be connected to the (a) MA and 
COMMON terminals, (b) V-Q and COMMON terminals, (c) MA and V-2. 
terminals. 


shunts extend the current ranges of meters such as the TRVM. The shunt 
places a current-dividing resistance in parallel with the input circuit. 


The digital multimeter is a relatively new device which offers certain 
advantages over the more commonly used electronic meters such as the 
TRVM. The digital multimeter performs the same basic functions as the 
TRVM; however, the measurements are displayed in digital or numerical 
form instead of as a meter indication. The digital display makes the device 
easier to use and effectively reduces the number of operator errors. 
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IMPORTANT DEFINITIONS 


BRIDGE CIRCUIT—A measuring circuit consisting of four arms, with a 
variable resistance or impedance in one or more of the arms. Any 
change in the variable arm causes the bridge to be unbalanced, and a 
resultant difference of potential can be used to operate a meter 
movement. 


D’ARSONVAL METER MOVEMENT—A type of direct current meter 
movement in which a lightweight wire coil, supported on jewel bearings 
between the poles of a permanent magnet, is rotated by the effects of an 
electric current in the coil. 


DIFFERENTIAL AMPLIFIER—In a transistorized meter, a circuit whose 
output signal is proportional to the difference in emitter current through 
two transistor amplifiers whose no-signal emitter currents cause the 
meter to read zero. 


DIGITAL MULTIMETER—An electronic instrument that measures volt- 
age, current and resistance and provides a digital (numerical) indication 
of the results. 


ELECTRIC METER—A meter that consists simply of a meter movement 
and the input circuits necessary to measure various electrical quantities. 


ELECTRONIC METER—A meter that includes vacuum tube or transistor 
circuits, with the necessary power supplies, in addition to the meter 
movement and input circuits of an electric meter. 


FUNCTION SWITCH—In a multiple function meter, the switch that selects 
the proper circuitry for the type of measurement desired. 


GALVANOMETER—An instrument for measuring a small electric cur- 
rent by movements of a magnetic needle or a coil in a magnetic field 
which indicates both the amount and direction of current through the 
meter. 


INPUT IMPEDANCE—In an electronic meter, the total opposition offered 
to the test circuit current. The combined resistance and reactance of the 
input circuit and amplifier input. 


INPUT RESISTANCE—In an electric meter, the total resistance offered to 
the test circuit current. 


LOADING—The action of a meter using current from the circuit it is 
measuring. 


MULTIPLIER—A resistor connected in series with the meter movement to 
increase the range of a voltmeter. 
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RANGE RESISTOR—A general term used to describe a resistor used to 
increase the range of a meter. 


RANGE SWITCH—In a multiple-range meter, the switch that selects the 
resistor or combination of resistors to give the desired range of 
readings. 


SHUNT—A resistance connected in parallel with the meter movement or 
test circuit to effectively reduce the total resistance and increase the 
current measuring range of the meter. 


TAUT-BAND METER MOVEMENT—A type of direct current meter move- 
ment similar to D’Arsonval movement except for the use of a metallic 
band to support the moving coil. 


TRANSISTORIZED VOLTMETER (TRVM)—An electronic meter which 
uses a transistor amplifier to provide the current for the meter move- 
ment. 


VACUUM TUBE VOLTMETER (VTVM)—An electronic meter which uses 
a vacuum tube amplifier to provide current for the meter movement. 
These meters are rapidly being replaced by transistorized voltmeters 
(TRVM’s). 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


PRACTICE EXERCISE SOLUTIONS 


. Electric meters and electronic meters. 


. Both types use a meter movement and input circuits to extend the range of 


measurements the meter can make. 


. (b) less current from the test circuit —The electronic meter uses only small 


current from a test circuit to develop a signal for the meter amplifier. 


. (b) the power supply and amplifier section. 
. True 

. (a) internal meter resistance. 

. True 


. When the same amount of voltage is applied to both branches of a bridge 


circuit whose branches have equal resistance, the current through these 
branches will be equal. This is referred to as balance in a bridge circuit. 


. (c) resistor.—The voltage drop across the transistor decreases or increases 


as the applied signal goes positive or negative. 


Reference transistor Q. in Figure 3C is used to compensate for any change 
in the conduction of Q;. 


The ZERO ADJUST control is a variable resistor which is adjusted to 
make up for any small differences in the resistances of the circuit branches, 
so that a zero meter reading can be obtained with no input signal applied. 


The power supply section of the electronic meter, since it furnishes the 
voltage and current for the operation of the bridge circuit. 


True—The base-to-emitter bias on any transistor determines the amount 
of current through the transistor. 


No—Both arms are active. As the current in one arm decreases in value, 
the current in the other arm increases in value. 


The setting of P; allows greater usable cell life and reduces the number of 
times the cells must be changed while keeping the collector voltage of each 
transistor at about 4 volts. 


Because there are no tube heaters or other circuit elements that require 
any warm-up time. 


The signal to the transistor circuit is reduced because R, is now connected 
into a series circuit with R3 and Ry. With an additional resistor in this 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25; 


26. 


747 


28. 


29. 


30. 


31. 


32. 


circuit, the voltage across R, is decreased and a smaller signal is passed to 
the transistors. 


True 
True 


The TRVM resistance measuring circuit operates on the basic principle 
that a voltage divides between two series resistors in proportion to their 
resistance values. In this case, the voltage divides between a known and 
unknown resistance, and the voltage across the known resistance is the 
signal applied to the transistor amplifier of the meter. 


The TRVM measures direct current by measuring the voltage dropped 
across precision low-resistance value resistors that are placed in series with 
the circuit being measured. This voltage is proportional to the current 
through the resistors. 


The calibration controls are adjusted to change the resistance offered to 
current in the meter movement circuit. 


A high-voltage resistance probe should be used. This probe would extend 
the range of the meter and would protect you because it would not break 


down or arc over. 


Current shunts are simply external shunt resistors which are used to 
extend the current-measuring range of a meter. 


By rectifying the high-frequency signal within the test probe, the high 
frequency does not have to pass through a long cable where considerable 
signal loss could occur. 

True 


True 


The ACV (FUNCTION) pushbutton and the 20 (RANGE) pushbutton 
should be depressed. 


When measuring dc voltage, the V-(. and COMMON terminals must be 
used. 


The measured voltage is a negative dc voltage with a value of 1.5 volts. 
(c) three and one-half digit multimeter. 


(b) V-O and COMMON terminals. 
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=== ONE OF THE EXAMINATION 
I Bette Howe. ScHoors CHECK SHEET 


Ve) (Gre, DEE PRIMARY ADVANTAGE OF AN ELECTRONIC VOLTMETER OVER AN ELECTRIC 
VOLTMETER IS ITS ABILITY -- TO DECREASE LOADING EFFECTS, : 

The high impedance input section and the high-gain amplifier section reduce circuit loading but do not 
completely eliminate it. 


2, Be LHW AIG INPUT IMPEDANCE OF AN ELECTRONIC METER IS SUPPLIED BY -- THE INPUT 
AND AMPLIFIER SECTIONS. 
The amplifier must have a high input impedance so that it does not load the high impedance input circuits. 


3, B- WHEN THE INPUT SIGNAL GOES POSITIVE IN FIGURE 3C, -- THE VOLTAGE DROP ACROSS 
Ro INCREASES, 

As the input signal drives the base of Qy positive, Qy collector current increases, thus increasing the 
voltage drop across Rj, The current through Q, and the voltage drop across Ry remain relatively 
constant, 


4, ~—C ~ IN- THE CiRCULL-OF FIGURE 7A, IF POINT A IS MADE POSITIVE WITH RESPECT TO POINT 
B, == Q, COLLECTOR CURRENT DECREASES, 

Under these conditions, Q, collector current increases and Q3 collector current decreases, This causes 
Qs collector current to decrease and Q4 collector current to increase, 


5, C- MOVING THE SLIDER ON P, TO THE LEFT IN FIGURE 7A -- INCREASES Q, BASE CURRENT. 
Moving the slider on P> to the left reduces the Q, emitter resistance, This reduces the reverse bias 
developed by the emitter resistance and increases the Q3 base current, 


6. D- THE METER MOVEMENT OF THE TRVM IN FIGURE 6 MEASURES THE -- DIFFERENCE IN 
THE EMITTER VOLTAGES OF Qo AND Q4. 
The meter movement is connected between the emitters of Q> and Q4 through the FUNCTION switch. 


7, A- TO EXTEND THE HIGH-VOLTAGE RANGE OF A TRVM, A HIGH-VOLTAGE PROBE -- 
CONNECTS A HIGH VALUE RESISTANCE IN SERIES WITH THE METER, 

The high value resistance forms a voltage divider with the meter's internal resistance, and reduces the 
voltage at the input terminals to a value that can be used by the meter, 


8, A- WHEN THE DIGITAL MULTIMETER SHOWN IN FIGURE 19 IS USED TO MEASURE ALTER- 
NATING CURRENT, WHICH INPUT TERMINALS MUST BE USED? -- THE MA AND COMMON 
TERMINALS, 

The MA and COMMON terminals are used for both alternating current and direct current measurements, 
and the V-Q and COMMON terminals are used for ac voltage, dc voltage and resistance measurements, 


9, D- WHEN THE DIGITAL MULTIMETER SHOWN IN FIGURE 19 IS USED TO MEASURE A DC 
VOLTAGE OF APPROXIMATELY 100 VOLTS, WHICH RANGE SWITCH SHOULD BE DEPRESSED ? -- 
THE 200 SWITCH, 

The 200 (RANGE) switch allows for a maximum voltage measurement of 200 volts (actually 199.9 volts). 
The 100-volt input signal is well within this range and can be accurately measured, 


10. C - WHEN THE ACV (FUNCTION) AND 2 (RANGE) SWITCHES ARE DEPRESSED, THE DIGITAL 
MULTIMETER SHOWN IN FIGURE 19 IS CAPABLE OF MEASURING -- AC VOLTAGES BELOW 2 
VOLTS, 

When activated, the ACV switch allows only ac voltages to be measured and the 2 switch allows the 
multimeter to measure ac voltages up to a maximum of 2 volts (actually 1.999 volts). 
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QUESTIONS 


IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A fish is 


seit Abele : C4 (A) a bird. (B) a mineral. 
7420A . ta (C) a vegetable. (D) an animal. 


The primary advantage of an electronic voltmeter over an electric voltmeter is its ability 
(A) to increase loading effects. (B) to change, as much as possible, a circuit’s operating conditions. (c) to 
decrease loading effects. (d) to produce changes in a circuit’s operating conditions. 


The high input impedance of an electronic meter is supplied by 
(A) the FUNCTION switch. (B) the input and amplifier sections. (C) the meter movement. (D) the 
power supply. 


When the input signal goes positive in Figure 3C, 
(A) the voltage drop across R2 decreases. (B) the voltage drop across Rg increases. (C) the voltage drop 
across R, increases. (D) the voltage drop across R, decreases. 


In the circuit of Figure 7A, if point A is made positive with respect to point B, 
(A) Q; collector current decreases. (B) Qs collector current increases. (C) Qs3 collector current 
decreases. (D) Q, collector current decreases. 


Moving the slider on Pz to the left in Figure 7A 
(A) increases Q, base current. (B) increases Q, collector current. (C) increases Q3 base current. (D) 
decreases Qs base current. 


The meter movement of the TRVM in Figure 6 measures the 

(A) sum of the emitter voltages of Qo. and Qs. (B) collector voltages of Q; and Q,. (C) base voltages of Q, 
and Q,. (D) difference in the emitter voltages of Qo and Qs. 

To extend the high-voltage range of a TRVM, a high-voltage probe 

(A) connects a high value resistance in series with the meter. (B) connects a high value resistance in 
shunt with the meter. (C) connects a low value resistance in shunt with the meter. (D) connects a low 
value resistance in series with the meter. 

When the digital multimeter shown in Figure 19 is used to measure alternating current, which input 
terminals must be used? 

(A) The MA and COMMON terminals. (B) the V-Q and COMMON terminals. (C) the MA and 
V-( terminals. (D) Only the COMMON terminal. 

When the digital multimeter shown in Figure 19 is used to measure a dc voltage of approximately 100 volts, 
which RANGE switch should be depressed? 

(A) The 200 MV—200 pA—2000 switch. (B) The 2 switch. (C) The 20 switch. (D) The 200 switch. 
When the ACV (FUNCTION) and 2 (RANGE) switches are depressed, the digital multimeter shown in 
Figure 19 is capable of measuring 

(A) alternating currents below 2 milliamperes. (B) ac voltages above 2 volts. (C) ac voltages below 2 
volts. (D) de voltages below 2 volts. 
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QUESTIONS 


IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A fish is 


LESSON CODE A (A) a bird. (B) a mineral. 


B 


C3 
7420A c aa (C) a vegetable. (D) an animal. 


The primary advantage of an electronic voltmeter over an electric voltmeter is its ability 
(A) to increase loading effects. (B) to change, as much as possible, a circuit’s operating conditions. (c) to 
decrease loading effects. (d) to produce changes in a circuit’s operating conditions. 


The high input impedance of an electronic meter is supplied by 
(A) the FUNCTION switch. (B) the input and amplifier sections. (C) the meter movement. (D) the 
power supply. 


When the input signal goes positive in Figure 3C, 
(A) the voltage drop across R» decreases. (B) the voltage drop across Rg increases. (C) the voltage drop 
across R, increases. (D) the voltage drop across R, decreases. 


In the circuit of Figure 7A, if point A is made positive with respect to point B, 
(A) Q; collector current decreases. (B) Qs» collector current increases. (C) Qs3 collector current 
decreases. (D) Q, collector current decreases. 


Moving the slider on P2 to the left in Figure 7A 
(A) increases Q, base current. (B) increases Q, collector current. (C) increases Q3 base current. (D) 
decreases Qz base current. 


The meter movement of the TRVM in Figure 6 measures the 

(A) sum of the emitter voltages of Qs and Qs. (B) collector voltages of Q; and Q,. (C) base voltages of Q; 
and Q,4. (D) difference in the emitter voltages of Qo and Quy. 

To extend the high-voltage range of a TRVM, a high-voltage probe 

(A) connects a high value resistance in series with the meter. (B) connects a high value resistance in 
shunt with the meter. (C) connects a low value resistance in shunt with the meter. (D) connects a low 
value resistance in series with the meter. 

When the digital multimeter shown in Figure 19 is used to measure alternating current, which input 
terminals must be used? 

(A) The MA and COMMON terminals. (B) the V-Q and COMMON terminals. (C) the MA and 
V-Q terminals. (D) Only the COMMON terminal. 

When the digital multimeter shown in Figure 19 is used to measure a dc voltage of approximately 100 volts, 
which RANGE switch should be depressed? 

(A) The 200 MV—200 pA—200© switch. (B) The 2 switch. (C) The 20 switch. (D) The 200 switch. 
When the ACV (FUNCTION) and 2 (RANGE) switches are depressed, the digital multimeter shown in 
Figure 19 is capable of measuring 

(A) alternating currents below 2 milliamperes. (B) ac voltages above 2 volts. (C) ac voltages below 2 
volts. (D) de voltages below 2 volts. 
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A high quality scope designed primarily for laboratory use. It features 
triggered sweep circuits, a calibrated time base and dual inputs for simul- 
taneous viewing of two waveforms. 


Courtesy Tektronix, Inc. 
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It takes less time to do a thing 
right than it does to explain 

why you did it wrong. 

—Henry Wadsworth Longfellow 


CATHODE RAY TUBES 
AND OSCILLOSCOPES 


Have you ever wondered about how a picture is formed on a television 
screen? Have you ever been puzzled about how an image is formed on a 
radar screen, or how voltage waveforms are displayed on the screen of an 
oscilloscope? These “‘pictures”’ are actually light images traced on the face 
of a special type of vacuum tube called a CATHODE RAY TUBE (ert). In 
this lesson, you will learn how the cathode ray tube operates and you will see 
how it is used in one of the most important electronic test instruments, the 
CATHODE RAY OSCILLOSCOPE. 


The cathode ray tube develops a beam of electrons that is shaped and 
accelerated by high voltages which are developed within the instrument. The 
electron beam is transformed into visible light energy when it strikes a thin 
layer of phosphor material on the inside of the crt faceplate. The vertical and 
horizontal movement of the electron beam is controlled by the signals which 
are to be observed and by circuits in the oscilloscope. 


The cathode ray oscilloscope is commonly referred to as an oscilloscope, or 
simply, as a “scope.” The cathode ray tube is a vital part of the scope. The 
oscilloscope contains special circuits which control the operating voltages 
applied to the crt. The scope can be used to measure the amplitude, 
frequency or phase of ac voltages, the amplitude of dc voltages, and may 
also be used to observe the shapes of complex electronic waveforms. These 
capabilities make the oscilloscope valuable for waveform analysis, particu- 
larly in audio, television, transmitter and industrial applications. 


GENERAL DESCRIPTION OF 
THE CATHODE RAY TUBE 


Most general purpose oscilloscopes use cathode ray tubes designed for 
electrostatic focus and deflection. An electrostatically controlled crt has 
only a few elements, and its Overall operation is easy to understand. The 
tube elements are usually mounted in a glass envelope, as in other tubes. 
Figure 1 shows a simplified diagram of a typical crt. Notice that this crt is 
divided into three sections: the electron gun, the deflection section and the 
screen. eam of electrons fro ween the deflection 
plates and strikes the screen, causing a spot of light on the screen. 


The ELECTRON GUN is located in the neck of the crt, near the base of the 
tube envelope. The electron gun produces the beam of electrons and directs 
the electrons toward the screen. In many crt’s, elements in the electron gun 
are used to focus the beam to produce a sharp image on the screen. 
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SCREEN 


ELECTRON 
| GUN! IDEFLECTION | 
| | | SECTION 


ELECTRON I Nig | gricHt 


DEFLECTION 
PLATES 


Figure 1 


The deflection section is between the electron gun and the screen. In Figure 
1, DEFLECTION PLATES are shown mounted inside the glass envelope. 
The electron beam can be bent, or deflected, by applying different voltages 
eerste pinrre-7he vottedes on fhe deflection platesattractorrepal 
the electrons in the beam, causing the beam to move up or down and left or 
right, to trace out an image on the screen of the crt. 


The SCREEN lies beyond the deflection section, on the inside of the viewing 
end of the glass envelope. It consists of a phosphor coating that gives. off 
light when struck by fast-moving electrons. The screen lets you observe 
changes in the position and strength of the electron beam. 


Electromagnetic lines of force may also be used to focus and deflect the 
oscilloscopes. The-electromagnetic crt is advantageous when single fre- 
uency deflection voltages are used, and w a large deflection in a short 
distance is desirable. This is the situation in television receivers, where 
electromagnetic focus and deflection systems are commonly employed. The 


electromagnetic deflection system is also bulkier and heavier than the 


electrostatic system. 
RE ele le 


Another important reason for using an electr scilloscope is 


because simpler circuits can be used to produce the deflection signals. Also, 
since signats-of-many-different frequencies are encountered, the deflection 
deflection circuits cause distortion when used with wide bands of fre- 
quencies: | 


Since the electrostatic crt is by far the most popular type found in 
oscilloscopes, this lesson coverage will be limited to this type of crt. 
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CONSTRUCTION AND OPERATION OF THE 
CATHODE RAY TUBE 


The construction of a crt is similar to that of many receiving tubes. In 
addition to holding the crt parts, the glass envelope maintains the vacuum 
necessary for proper tube operation. To understand the operation of the crt, 
it is necessary to study the functions of the major crt parts. Therefore, let’s 
take a closer look at the parts shown in Figure 1. 


The Electron Gun 


The electron gun produces the beam of electrons that traces the pattern on 
the screen. The gun elements are made up of a heater, cathode, control grid, 
first an ode, as shown in Figure 2. The operating voltages 
for these electrodes, received from the crt socket, are applied through the 
pins on the tube base. 


TUBE BASE FIRST ANODE 
(FOCUSING ANODE) 


CATHODE 


See Ee 
CONTROL (ACCELERATING ANODE) 


Figure 2 


All of the gun electrodes except the heater are round tubes, or cylinders. The 
end of each cylinder is covered by a plate called a baffle. Holes in the centers ~ 
of the control grid baffle, first anode baffle and second anode baffle lie along 
the center line, or axis, of the tube. 


The heater, cathode and control grid have the same functions in the crt as 
they have in a regular triode vacuum tube. The heater raises the cathode 
temperature, and the heated cathode emits electrons. The potential between 


the control grid and cathode determines the brightness of the Image on 
crt screen by controlling the number of electrons that reach the s : 
Paes ahah avd WO 


High positive voltages are applied to the first and second anodes. The high 


potenti he FIRST attracts the electrons from the area near the fo 
control grid. The electrons are focused, or shaped into a beam ass 
through the baffles between the first and se anodes. The focused beam 

a ee ee ae, 
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of electrons is also speeded up, or accelerated, by the very high | potential on 


the S ND ANODE. 


The electron beam is focused by an electrostatic field as shown in Figure 3. 
Here we see two plates having different potentials with respect to a common 
reference point. There is an electric field between the plates, made up of 
electrostatic lines of force. Notice how the lines of force near the edges of 
the charged plates bow out. The beam is focused by the electrostatic field 
that is caused by applying different potentials to the first and second anodes. 
Any electron passing through this fietdis-influenced by the electrostatic lines 
St force THES is cased by a Tepelling effect between adjacent slectrostatlc 
Miecchiulce. (28) Swe 


=e ae 


ELECTROSTATIC 
LINES OF 
a 
FIRST ANODE SECOND , ANODE 


v -— 2 __—— 


we. ke _ 
Ope 2 eee SS oe, 
Cet ee pe Thee eh at pas eae | 
ee 
ELECTRON 
BEAM 
Figure 4 


A cross-sectional view of the junction between the first and second anodes is 
shown in Figure 4. The electrostatic lines of force, caused by the difference 
of potential between the two anodes, is bowed out at the outer edges of the 
anodes and at the inner edges formed by the baffle holes. 


As three electrons—A, B and C—pass through the hole in the first anode 
baffle on their way to the second anode, they are influenced by the lines of 
force. Because the electrons tend to follow the paths of the lines of force, 
electrons A and C are forced in toward the center. Since electron B is 
already traveling through the center, it is affected equally by the electrostatic 
lines above and below it, and it therefore remains in a straight line path. 


As electrons A, B and C approach the more positive second anode, their 
speeds increase, and the lines of force then have less influence on the 
electrons. Therefore, electrons A and C continue to converge on electron B, 
and the three electrons move closer together as they travel from the second 


anode to the screen. At some specific point beyond the second anode, the 
three electrons will meet. al point of the beam. For sharp 


focus, th hould be exac 4 oint where the beam reaches 
€ screen. 
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A crt used in oscilloscopes and other test equipment. This 
tube uses electrostatic deflection and focusing. 
Courtesy Waterman Products Co. 


The focal point can-be-changed-by-adjusting the strength of the electric field 
in Figure 4. The field strength depends on the difference of potential between 


the first and ; therefore, the focus can be adjusted by si “simply 
varying the voltage difference between the anodés. Usually, the voltage on 


the second anode is held constant and the voltage on the first anode, or 


tr eernenesrye--eenineeenneeneee 


FOCUSING ANODE, is varied to provide the desired focus. 


The second anode is called the ACCELERATING ANODE because it speeds 


up, or accelerates, the electrons | so that they strike the screen with enough 


force to cause light « emission. 


In most modern crt’s, a uniform accelerating field exists from the electron 
gun to the screen. This field comes from an extension of the second anode in 


the form of an AQUADAG COMMUN. 0); ke) 


Aquadag is. a_conductive eines such as graphite, which i iS painted on the 


the second-a hs called spiders. Besides producing ‘a uniform 
accelerating field, the aquadag coating also serves as a collector for « electrons 


which have ‘struck the ‘screen and thus served | their purpos se, 
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TUBE CONTROL SECOND 


VERT GLASS = SCREEN 
BASE GRID ANODE DE TUBE 


FIRST ANODE 
CATHODE 


ELECTRON 
BEAM 


Figure 5 


The Screen 


The crt screen is struck by the electron beam to form an image. The screen is 
a coating of phosphor material on the inside of the glass tube face. The 


PH es off light when it is struck by ey speed electrons. This 
type of light emission is called LUMI 


Luminescence is a general term used to describe the emission of light by the 


phosphor screen. There are two types of luminescence—fluorescence and 
phosphorescence. The light given off while the phosphor is actually being 
Re ine Gomer ecnenc 3 is called FLUORESCENCE. The term 
PHOSPHORESCENCE ‘refers to the Tight given off by eo ere im- 


therefore bs be described as an afterglow. a aeer” 


he type of phosphor that is used determines whether the light given off 
during fluorescence and _ phosphorescence will be the same color or will be 


different colors. Different types of phosphors produce different colors. 
CRT’s are available with phosphors that will satisfy many different applica- 
tions. 


A list of phosphors appears in the Appendix at the end of this lesson. Some 
types are not shown because they are no longer in common use. Each 
phosphor type has its most important properties listed, along with its most 
common applications. 


An important property of a crt is the PERSISTENCE of the screen. 
PERSISTENCE _I ASURE OF THE LENGTH OF TIME A 


PHOSPHOR GLOWS AFTER IT HAS BEEN STRUCK BY AN ELEC- 
T EAM. Thus, it is an indication of the duration of phosphorescence 
in a crt. Persistence is described as being very short, short, medium short, 
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+) 


medium, long or very long. A phosphor with very short persistence glows for 
less than a microsecond. The persistence of a short phosphor is from 1 
microsecond to about 10 microseconds. Medium short persistence lasts from 
10 microseconds to 1 millisecond. Medium persistence describes an after- 
glow that lasts from 1 millisecond to 100 milliseconds. Long persistence 
describes any afterglow that lasts between 100 milliseconds and 1 second. 
Very long persistence is a glow that lasts more than 1 second. 


A short persistence crt is desirable for viewing fast changing images. 
Medium persistence screens are desirable in applications where the image 


“does not change rapidly. If the same signal is repeated time after time and 


must be observed and studied, a long persistence screen is used. 


For certain applications, two or more t n be combined. 
For example, you may need a crt that has a very bright image for a Tong 
period of time. Since no single type of phosphor offers these characteristics, 
two different phosphors are coated on the same screen. A layer of phosphors 
with a bright light characteristic is coated over a layer of phosphors having 
long persistence. When the electron beam strikes the screen, the result is a 
bright image with long persistence. When more than one type of phosphor is 
used_on-a-sereen, the crt has a CASCADE SCREEN ———— 


Most crt’s are coded for easy identification. The code is a combination of 


l and nu escribes the size of the s crt’s registra on 
crt is coded as SAP1. Th 1 the screen diameter of a 
round face crt or the ascii “aeieaeee 


rectangu a In this case, 5 represents a 5 inch diameter screen. The 


letter A tells us that this tube was the first t pe of 5 inch crt to be registered 
as a standard type in the electronic i y. 


The. -number combinati r used on the 
crt_screen. As shown in the table in the Appendix of this lesson, a Pl 
phosphor produces green light and has medium persistence. The main uses 
of the SAP1 tube are in oscilloscopes and radar indicators. 


The 3KP1 is an electrostatic crt with high deflection sensitivi- 
ty. It provides a green image with medium persistence. 

Courtesy Radio Corporation of 

America, Electron Tube Division 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


GENERAL DESCRIPTION OF THE CATHODE 
RAY TUBE 


CONSTRUCTION AND OPERATION OF THE 
CATHODE RAY TUBE 


THE ELECTRON GUN 


THE SCREEN 


1. What is the basic purpose of a cathode ray tube? 
2. How is the position of the electron beam changed? 
3. Name the three main sections of a crt. 


4. Producing an electron beam is the function of the (a) deflection plates, (b) 
screen, (c) electron gun. 


5. In what section of a crt is the electron beam bent from its normal path? 


6. The electron beam traces an image on the crt 


7. Name the five elements that make up the electron gun shown in Figure 2. 


8. Explain the functions of the following electron gun parts: cathode, control 
grid and first anode. 


9. Which element in the electron gun of Figure 2 speeds up the electrons as 
they move toward the screen? 


10. The second anode of a crt is normally operated at a negative potential with 
respect to the cathode. True or False? 


11. Electrostatic lines of force exist between electrodes having equal potentials. 
True or False? 


12. Electrons tend to follow electrostatic lines of force. True or False? 


13. In addition to helping to focus the electron beam, what other important 
function does the second anode serve? 
D 


14. What electron gun voltage is varied by the focus control? 
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15. 


16. 


17; 


18. 


What is the name of the graphite coating on the inside of the glass envelope 
of a crt? What purpose does it serve? 


What property of the screen phosphor produces a visible image on the crt 
screen? 


When applied to crt screens, what is the meaning of the terms fluorescence 
and phosphorescence? 


What characteristics would you expect from the screen of a 5UP1 crt? How 
would this screen compare to that of a 5BP1? 
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The Deflection System 


To produce a picture of an applied voltage, the electron beam must be 

deflected, or caused to move across the screen. Since almost all oscil- 

loscopes use ELECTROSTATIC DEFLECTION, the electron beam is 

deflected by electrostatic fields between two sets of deflection plates. A 

voltage applied between each set of plates causes electrons passing between 

the plates on their way to the screen to be attracted by the positive plates ELECTRON BEAM DEFLECTION 
and repelled by the negative plates, thereby deflecting the electron beam 

both vertically and horizontally. 


Figure 6 shows a front view of the two sets of deflection plates as seen from 
the screen end of the crt. The deflection plates are labeled according to the 
direction they force the electron beam to move. The horizontal deflection 


plates are mounted vertically on either side of the electron beam. The 
HORIZONTAL DEFLECTION 


potentials applied to these plates cause the beam to move to the left or to the PLATES 
right. The vertical deflection plates are mounted horizontally above and 

below the beam, and the potentials applied to them deflect the beam up or a igure 

down. 


Changing voltages applied to the deflection plates change the movement of 
the electron beam across the screen. For example, when the left horizontal 
deflection plate is positive with respect to the right horizontal deflection 
plate, the beam is shifted to the left, which causes the image on the screen to 
move to the left. If the polarities on the plates are reversed, the beam moves 
to the right and causes the image to move to the right. 


The voltages on the vertical deflection plates move the electron beam up or a DEFLECTED 
down. If the upper plate is positive with respect to the lower plate, the beam ary 
moves up. If the lower plate is positive with respect to the upper plate, the 
beam moves down. 


When different potentials are applied to both sets of deflection plates at the 
same time, the electron beam moves horizontally and vertically at the same 


time. In Figure 7, voltages are applied so that the upper vertical deflection ELECTRON BEAM 
0 ; - Aylc (NO DEFLECTION) at 
plate and the right horizontal deflection plate are positive by the same 
amount. The electron beam is attracted equally by these plates. The beam is Figure 
deflected at an angle, to the right and upward. The result of these forces is a 7 


light spot image appearing in the upper right corner of the screen. 


If repetitive changes of voltage are applied to the deflection plates, they 
cause the electron beam to move across the screen in some pattern. The _ 
pattern of light on the screen is often referred to as a TRACE. Because it is 
produced by the changes of voltage applied to the crt, the trace is actually a 
“picture” of the applied voltages. 
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Deflection Sensitivity and Deflection Factor 


Two quantities that are given as both crt and oscilloscope specifications are 
DEFLECTION SENSITIVITY and DEFLECTION FACTOR. The magni- 
tudes of these quantities are different for crt’s than they are for scopes. Fora 

crt, DEFLECTION SENSITIVITY indicates how far the beam will move for 


ae SR Fe 
cach volt applied between a set of de eflection plates. DEFLECTION FAC- 
ction plates. L ne 
TOR indicates how much voltage must be applied bel ection 
plates to move the beam a specified distance. 
Most manufacturers also list renege en eget 
sensitivity expresses how far the beam moves for each volt of of signal applied 


to thé vertical input terminals. Waray a4 alo 


re ee 


The distance the image moves is expressed in terms of inches, centimeters 
or millimeters. For example, one manufacturer may describe an oscilloscope 


Another high quality laboratory type oscilloscope. In addi- 
tion to triggered sweep circuits and calibrated time base, it 
features 4-trace display capability and front panel plug-in 
units. 


Courtesy Hewlett Packard 
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as having a vertical deflection sensitivity of .02 inch per volt dc. This means 
that under proper operating conditions, the image will move .02 inch up or 
down for each volt de applied to the vertical input terminals. 


Another means of ratin tion systems is by deflection factor. This term 
refers to the voltage needed at the vertical input terminals to deflect the 
beam a specified distance (1 inch, 1 centimeter, etc.). Deflection factor is the 
reciprocal of deflection sensitivity. For example, a tube that has a deflection 
sensitivity of .02 inch per volt dc would have a deflection factor of '/ . 92, or 50 
volts de per inch. 


GENERAL DESCRIPTION 
OF THE OSCILLOSCOPE 


Most cathode ray oscilloscopes in use today can be represented by the block 
diagram of Figure 8. Here we see the basic scope sections and their 


Figure 8 


The high- and low-voltage power supplies provide the dc operating voltages 
for the crt and for other sections of the scope. In Figure 8, the power supply 
blocks are joined to the scope sections that they supply by dashed lines. 
When the crt and both power supplies are operating properly, a single spot 
of light is obtained near the center of the crt screen. 


The signal applied to the horizontal amplifier section is suppli 
sweep section of the oscilloscope or by an external source. The horizontal 
amplifier section supplies an amplified signal to the horizontal deflection 


system of the crt. This signal causes the spot to move from side to side on 
the screen of the crt to produce the horizontal trace. 
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In Figure 8, switch SW, permits selecting either the vertical amplifier output 
or a signal from the EXT SYNC terminal as a synchronizing voltage for the 
horizontal sweep section. Switch SW, connects either the output of the 


sweep section or the signal at the HORIZ INPUT terminal to the horizonta 


amplifier section. 


With all sections of the scope functioning properly (except the vertical 
amplifier), it is now possible to obtain a single horizontal line on the crt 
screen. 


The ac actual test signal that_we wish to observe is usually applied to the 
vertical amplifier section, whose main function is to amplify the test signal. 
After the test signal is amplified, it is applied to the vertical deflection system 
to cause the trace to move up or down on the screen of the crt. With 


simultaneous horizontal and vertical movement of the electron beam a 
complete waveform, or image, is formed on the crt screen. 


To fully understand the operation of an oscilloscope, it is necessary to study 
the functions of the different scope sections in more detail. 


POWER SUPPLIES 


A modern oscilloscope must have a high-voltage power supply and also 
low-voltage power supplies which provide all of the required low-voltage 
sources for the amplifiers and deflection circuits. Each of these supplies 
contains rectifiers and filters to provide sufficiently ripple-free dc voltages 
for various sections of the scope. Zener diodes are employed in some power 
supplies for greater regulation, resulting in more precise scope measure- 
ments. 


A typical oscilloscope power supply is shown in Figure 9. A single power 
transformer, T,, is used to provide the necessary ac voltages. The high- 
voltage section is a voltage doubler type connected to provide a dc voltage 
that is negative with respect to ground. The low-voltage supplies utilize 
full-wave bridge rectifiers. The supply for +Vcc and —Vee is voltage 
regulated by transistor Q,. The two output zener diodes, ZD, and ZD,, are 
connected in series and tied to ground to effectively provide two separate 
supplies, one a positive supply (+V,,), the other a negative supply (—V¢c). 


Optimum focusing in i ible only when j f potential 
between the accelerating anode and the deflection plates is ata minimum, 


since any additional lines of force cause an already focused beam to 
defocus. Since the deflection plates are connected directly to the outputs of 
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+DC 
TO VERTICAL AND 
HORIZONTAL AMPLIFIERS 


+DC 
TO ACCELERATING 
ANODE 


~ FUSE 


TO CRT 
FOCUS ANODE 
-DC TO CRT CATHODE 


DC 
TO CRT CONTROL 
GRID 


TO CRT 
FILAMENT 


Figure 9 


the vertical and horizontal amplifiers, the plates will generally receive a 


relatively low positiv € voltage with respect to circuit uit ground. Therefore, : a 
relatively low positive voltage should be - applied to the accelerating anode. 


———— ie 


This can be easily accomplished by using a high negative voltage for the 


ocus anode, and a low positive voltage for the accelerating anode. 


Figure 10 shows how the required negative and positive power supply 
voltages are applied to the crt electrodes. These voltages are obtained from 
voltage dividers connected to the power supply outputs shown in Figure 9. 


As shown in Figure 10, the crt grid is connected to a more negative voltage 
point than the cathode is connected to. Varying the voltage on the grid (bias 
voltage) controls the number of electrons forming the beam that strikes the 


orl screen. The number of electrons striking the scteen in a given amount of 

ee ae TENT ere a 
s)that varies the bias voltage is commonly referred to as a BRIGHTNESS 

CONTROL or INTENSITY CONTROL. This control is usually found on the 


front panel of the scope. 
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ACCELERATING DEFLECTION 


CATHODE CONTROL FOCUS ANODE PLATES 
pSRID x ANODE 


<< 
FILAMENT ' 
SUPPLY FOCUS VERTICAL 
CONTROL AMP 


INTENSITY 
CONTROL 


: VOLTAGE 
DROPING 


NEGATIVE 
HIGH voLTAGe RESISTOR 


HORIZONTAL 
AMP 


ASTIGMATISM CONTROL 
= - (SPOT SHAPE) 


POSITIVE 
LOW 
VOLTAGE 


Figure 10 


The focus anode, connected to a more positive point on the negative voltage 
divider, attracts the electrons which pass through the control grid. The 
Shapes of the control grid and focus anode cause the electrons to travel 
along the tube axis and they are accelerated by the large potential difference 
between the focus anode and the accelerating anode. The strong electrostat- 
ic field between the focus anode and the accelerating anode, caused by the 
great difference of potential between them, provides electrostatic focusing 


of the beam. Thereis also a slight focusing action between the focus anode 
and the control grid, but most of the focusing takes place between the focus 
anode and the accelerating anode. maT > Lan 

oa ee te accelerating anode. 


The electron beam is focused into a small spot on the crt screen by changing 
the difference of potential between the focus anode and the accelerating 
anode by adjusting potentiometer R; in the high-voltage negative power 


supply. In most scopes, thi ferred to as a FOCUS 
CONTROL and it is usually found on the scope’s front panel. 


When the-beam-is-adjusted for sharp focus at the center of the crt screen, it 
wil focus near the edges of the screen due to the deflection 
voltage on the plates. A allows small changes in the accelerating 
anode potential can be used to compensate for most of this misfocusing. The 
p jOmeter usually called the IGMATISM 


CONTROL or SPOT CONTROL. The focus and astigmatism 


controls can be alternately adjusted to provide relatively sharp focus over 
most of the crt screen. The astigmatism control may be found on the front 
panel in some scopes; however, since it does not require frequent adjust- 
ment, some manufacturers mount it on the chassis inside the cabinet, or on 
the rear of the cabinet. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


CONSTRUCTION AND OPERATION OF THE 
CATHODE RAY TUBE 


THE DEFLECTION SYSTEM 


DEFLECTION SENSITIVITY AND DEFLECTION 
FACTOR 


GENERAL DESCRIPTION OF THE OSCILLOSCOPE 


POWER SUPPLIES 


19. Why does a set of charged plates shift the position of an electron passing 
between them? 


20. In Figure 6, which set of deflection plates causes an electron beam to move 
from right to left across the crt screen? 


ee 21. Label the horizontal and vertical deflection plates in the figure shown 
below. 


22. In the following diagram, show where the electron beam would be 
deflected if the upper plate is more negative than the lower plate at the 
same time that the left plate is more negative than the right plate. 


23. What does the term “deflection sensitivity’? mean? 


24. What is the deflection sensitivity of an oscilloscope if 0.5 volt causes the 
beam to move 2.5 inches vertically from its undeflected position? 


25. Some oscilloscope catalogs include deflection factor in the specifications. 
What does the term “deflection factor’? mean? 


26. What is the deflection factor in inches of the oscilloscope of Practice 
) Exercise 24? 
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27. 


28. 


29. 


30. 


31. 


32. 


JD. 


34. 


Name the six sections that make up a general purpose oscilloscope. 


Usually, an oscilloscope contains both high- and low-voltage power 
supplies. True or False? 


What is the purpose of the horizontal deflection system of a scope? 
In a general purpose oscilloscope, the voltage to be observed is usually 
applied to the (a) electron gun, (b) vertical amplifier system, (c) horizontal 


deflection system. 


In most general purpose oscilloscopes, the brightness or intensity of the 
spot is varied by varying the bias on the crt. True or False? 


A common method of focusing the pattern on the screen of a scope is to 
vary the voltage on the (a) control grid, (b) focus anode, (c) cathode of the 


crt. 


To what part of a general purpose oscilloscope is the high-voltage power 
supply connected? 


With respect to ground, the output of the high-voltage supply in Figure 9 is 
(a) positive, (b) negative. 
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AMPLIFIER SECTIONS 


An oscilloscope uses an electron beam to trace pictures of the waveforms of 
voltages applied to its input terminals. It does this by applying signals to the 
crt deflection system to cause the beam to trace a pattern of light on the 
screen. The signals fed into the scope are usually too small in amplitude to 
defiect the electron beam directly. Therefore, the signals must be amplified 
before they are applied to the deflection plates. 


Both the horizontal and vertical deflection systems contain amplifiers. These 
amplifiers increase the sensitivity of the oscilloscope by increasing or 
amplifying the signals applied to the deflection plates of the crt. 


Vertical Deflection Amplifier 


The electron beam is repetitively swept left to right across the crt screen, 
turned off during retrace periods, and turned on again for each subsequent 
sweep. During the time intervals that the beam is swept horizontally across 
the screen, it is also deflected vertically by the input signal waveform that is 
applied to the vertical amplifier section of the oscilloscope. The vertical 
amplifier must provide sufficiently high gain so that low-amplitude signals 
can be observed, or so that small portions of a test signal can be studied in 
detail. A good oscilloscope should be able to reproduce voltage waveforms 
with a minimum of distortion. To pass signals with minimum distortion, the 


vertical amplifier must havea sufficiently w: wide frequency response. If the 


amplifier does not have good frequency response, it does not amplify all 
signal frequencies (and their harmonics) by the same amount and the pattern 
on the screen may not be a true picture of the signal under test. 


An oscilloscope should have a very high input impedance to obtain proper 
reproduction of an input signal. The high input impedance ents the 


scope from loading the circuit being tested. 


Figure 11 shows a simplified schematic of a typical scope vertical amplifier. 
The test signal is applied through capacitor C, to the gate of transistor Q,. 
This transistor is a junction field effect transistor (JFET) connected in the 
common-drain amplifier (source follower) configuration. The common-drain 
JFET circuit provides the very high input impedance that is desirable in an 
oscilloscope. 


Transistor Q, acts as a cons for Q,. The constant current 
is produced because the base-to-emitter voltage of Q, is held constant by 
diodes D, and D,. The voltage drop across a forward-biased silicon diode is 
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Figure 11 


relatively constant (about .6 volt) over a wide range of current through the 
diode. Diodes D, and D, therefore maintain a constant 1.2 volts between the 
Q, base and —V¢¢. 


The amount of current through Q, is controlled by adjusting dc balance 
potentiometer R;. Because the voltage across R; is held constant, changing 
its resistancé changes the amount of constant current through the circuit. R, 
is adjusted so that the Q, source and the top of R, are at zero volts dc when 
there is no input signal to the vertical amplifier. This dc balance potentiome- 
ter is usually found on the chassis of oscilloscopes that employ this control. 


With no drain resistor, the current through transistor Q, is also constant, and 
the test signal voltage at the Q, gate will cause voltage changes only at the Q, 
source. The Q, source voltage changes are applied across potentiometer R, 
to the Q, gate. R; varies the amplitude of the test signal in conjunction witha 
step attenuator at the vertical input of the scope. Potentiometer R, is often 
referred to asa VERTICAL AMPLITUDE CONTROL or VERTICAL GAIN 
CONTROL. This control is usually found on the front panel of most 
oscilloscopes. 


Since the source voltage of Q, is applied to potentiometer R3;, the dc voltage 
at the gate of transistor Q, will remain at zero, regardless of the setting of Rs. 
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Setting R; for zero voltage at the Q, source results in a de balance for the 
vertical amplifier. A portion of the test signal (selected by the vertical gain 
control) is applied to the gate of transistor Q,. This transistor, like Q,, is 
connected in the common-drain configuration and it is used to isolate the 
base current changes of transistor Q,; from the test signal voltage changes 
across potentiometer R;. 


Transistors and Q, are connected as a two-transistor phase inverter 


circuit. The circuit of transistor Q, is another constant current arrangement 
that uses diodes D, and D,. The circuit of Q, is connected as the 
common-emitter resistance for phase inverter transistors Q; and Q, which 
basically function as a differential amplifier. Due to this constant-current 
circuit, any change in the emitter current through Q, results in an equal and 
opposite emitter current change through Q,. The test signal applied to the Q; 
base therefore appears amplified and inverted at its collector. The inverted 
version of the test signal at the Q, emitter also appears inverted and 
amplified at the Q, collector. 


The two outputs of the phase inverter circuit are directly coupled to the 
push-pull output amplifiers (transistor Q; and Qs). Except for the capacitor 
at the input of the vertical amplifier, all stages in the vertical section are 
direct coupled. This requires that circuit component values be selected so 
that the resultant potentials at the transistor elements will permit proper 
operation. In this instance, proper operation means that the transistors 
amplify in a linear manner at the correct operating points through proper 
“piasing to achieve the desired potentials onthe vertical deftection plares-Th g to achieve the desired potentials on the vertical deflection plates. The 
Operating point of the phase inverter circull, controlled by The constant 
current circuit of Q,, will directly affect the operating point of the output 
amplifiers. The collectors of the output amplifiers are connected directly to 
the deflection plates. Therefore, the voltages on the deflection plates may be 
varied by adjusting the amount of the current through the constant current 
circuit. This is accomplished by adjusting the value of potentiometer Rg. 


This potentiometer is usually found on the chassis of the oscilloscope. 


Since the emitters of transistors Q, and Q, are connected together, both 
transistors will function at the same operating point when their bases are at 
the same potential and their load resistors are equal. The dc voltage at the 
base of Q, is determined by Q, since the two transistors are direct coupled. 
However, the dc voltage at the base of Q, is controlled by potentiometer R,. 


Potentiometer R, is used to set the dc voltage on the vertical deflection 
REE OBE Ee eometet R, sets a difference of 
potential ction plates to change the vertical position of the trace. 
When the voltages on the deflection plates are equal, the trace will be in the 


center of the crt screen. When the voltages are not equal (determined by the 
setting of R,), the trace is positioned above or below the center line. Since R; 


————— 
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positions the trace, it is commonly called the VERTICAL POSITIONING 


CONTROL. This control is usually found on the front panel of most 
oscilloscopes. 


AC coupling is used at the input to this circuit to eliminate the dc component 
of the test signal. However, in some measurements, the dc component is of 
prime importance. In such cases, the amplifier amplifying 
de signals as well as ac signals. To accomplish this, capacitor C, is simply 


shorted out so that the amplifier is completely dc coupled. 
Ce ee a ae ea tS ee ee rie en 


Horizontal Deflection Amplifier 


In most scopes, the horizontal amplifier circuit is similar to the vertical 
amplifier circuit. Vertical deflection signals are fed through one amplifier, 
such as that shown in Figure 11, to the vertical deflection plates. Horizontal 
deflection signals are fed through the other amplifier, which is also a circuit 
like that of Figure 11, to the horizontal deflection plates. 


When the circuit of Figure 11 is used as a horizontal deflection amplifier, the 
collectors of Q, and Q, connect directly to the horizontal deflection plates. 
Thus, horizontal sweep signals applied to the input cause the beam to sweep 


from left to right across the screen. R; again serves as a positioning control 


by varying the dc emi g- In a horizontal ampli is would 
be the RIZONTAL POSITIONING ves RI- 


ZON AMPLITUDE CONTROL, HORIZONTAL GAIN CONTROL or 
= 


WIDTH CONTROL. 


The width control and the horizontal positioning control are usually found 
on the front panel of the oscilloscope. The other two controls of this circuit 
(potentiometers R; and R,) are usually found on the chassis in scopes where 
they are used. Potentiometer R; is used to set the de balance of the 


horizontal _amplifi : set the operating voltages on the ~ 
1 ire gee 


deflection plates. annals 


SE eeducne yt abele een ne ee ae 
the horizontal gain should be great enough tO sweep the beam across the 
entire screen, with enough additional gain so that the pattern can be 
expanded to study small sections of a waveform. 


The_signal normally applied to the horizontal amplifier section is generated 


inthe sweep section of the oscilloscope (discussed later in this lesson). This 
YS 
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A general purpose service oscilloscope. Its sensitivity and 
frequency response in both the vertical and horizontal sec- 
tions are more than adequate for the average service techni- 
cian. 


Courtesy Dynascan Corp. 


Se he bone oneal TatSGtia ates THiS coon he 
amplifier and applied to the horizontal deflection plates. This causes the 
voltages applied to the horizc ges applied to the horizontal deflection plates to change in a linear— 
manner during the sweep, ). while m maintaining “a_constant difference of 


potential between the plates. The ramp voltage “thus ca causes the electron 
beam to eam to sweep across the face of the crt visible trace. The 


sweep weep Tate ‘of the elec the electron beam is determined by the sawtooth frequency 
generated i in the | sweep PReCOieT 


— 


A second signal that_is sometimes applied to the horizontal amplifier is an 
al signal normally related to the test signal that is applied to the 
V Ttical amplifier section. When connected in this manner, the relationship 


between the applied signals can be observed on the crt screen. 
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Figure 


The internal horizontal sweep frequency repetition rate of a general purpose 
scope is usually less than 700 kHz. The response of a horizontal amplifier is 
usually wide enough to pass this frequency with very little distortion. 


Attenuator Networks 


If the input signals are too large, the transistors in the deflection amplifiers 
will be overdriven. This causes distortion in the output signal waveform, and 
the pattern on the screen is not a true picture of the input signal. This 
distortion is prevented by limiting the signal amplitude applied to the 
transistors. 


When the signal amplitude is reduced in any manner, the action is called 
NUATION. Any component or network of components used for this 
purpose is called an ATTENUATOR. A simple form of attenuator is a 
. aaa eT) he ee 


ote 


The input signals to the vertical sweep amplifier will normally cover a range 
from a few millivolts to over 100 volts. A suitable attenuator must be used at 
the scope input to reduce large input signals to manageable levels. However, 
the attenuator must not alter characteristics such as input signal waveshape. 
If a potentiometer were to be used as the input attenuator, it would 
sometimes alter signal characteristics. 


Figure 12 shows how a potentiometer would be used to vary the input signal. 
Dashed-line capacitor C,, which represents the distributed capacitance 
between the movable arm and lower terminal of potentiometer R,, would 
also be present. C, includes the capacitance of the potentiometer leads, the 
wiring capacitance in the Q, gate circuit and the gate-source capacitance of 
the JFET. Capacitor C, is in series with the upper portion of the potentiome- 
ter (R,,4), and in parallel with the lower portion (Rj,). 


The entire resistance element of R, is across the input terminals, regardless 
of the setting of its movable contact, and the scope presents a fairly constant 
load to the signal source under test. If the potentiometer resistance is high, 
the scope does not load down the test circuit to any great extent. However, 
the distributed capacitance of the transistor’s gate circuit forms a low-pass 
network with the upper portion of the potentiometer. This causes greater 
attenuation of high frequencies than of low frequencies, which limits the 
frequency response of the oscilloscope. 


Because C, cannot be eliminated, its presence must be compensated for. 
This could be done by connecting a capacitor across section R,, of the 
potentiometer. This capacitor and R,, form a high-pass network which 
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compensates for the effect of the C,R,, low-pass network. This is not 
practical because the capacitor value must be changed every time the setting 
of the potentiometer is varied. However, it can be done very easily by using 
a Switch-type attenuator instead of the potentiometer. 


In Figure 13, the potentiometer and the capacitors have been replaced by a 
switching arrangement of fixed value resistors and capacitors. The values of 
the capacitors are chosen to compensate for the effect of distributed 
capacitance on different values of attenuation resistance over a wide range 
of frequencies. 


A switch-type att en referred to as a STEP ATTENUATOR. For 
continuously variable operation, a potentiometer is also used at a point in the 
circuit where it will not adversely affect frequency response. 


+ Voc 


Figure 14 


Figure 14 shows an input circuit that offers high input impedance, good 
frequency response and continuously variable control over the input signal. 
This network is composed of a step attenuator, a source follower stage, a 
continuously variable attenuator and an isolation stage (also a source 
follower). The continuously variable attenuator, R;, has been placed in a low 
impedance circuit where there is less effect due to undesirable capacitance. 
Many oscilloscopes use similar systems in their vertical input circuit. 


The step attenuator is normally found on the front panel of the oscilloscope. 
The front panel is often marked to indicate the attenuation obtained with 
each switch position. Some scopes are calibrated to indicate the deflection of 
the trace for each vertical division marked on the crt screen when the 
continuously variable attenuator (vertical gain control) is set at minimum 
gain. 


The input circuit shown in Figure 14 is an ac type. This circuit is converted 


to a dc ing resistor R, with a constant current source, and — 
eliminating capacitor C,. 


a sirens lia setae 
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The high impedance of the input transistor, the frequency compensated 
attenuators and the wide frequency response of the vertical amplifier allow 
undistorted signals to appear at the vertical deflection plates. However, an 
additional circuit, referred to as a sweep generator, is required to move the 
trace horizontally at a uniform rate so that an accurate picture of the input 
signal is obtained. 


HORIZONTAL SWEEP CIRCUITS 


Most oscilloscopes contain an internal circuit for developing the repetitive 
signal waveform that is applied to the horizontal deflection plates. This 
signal voltage, used to repetitively sweep the electron beam horizontally 


across the crt screen, is produced by the H CIRCUIT. 
The beginning of each sweep voltage waveform is applied to the horizonta 
amplifier section at the same timet inning of a cycle of the test 


signal i 1s applied to the vertical amplifier section. ee 


An oscilloscope is a graphical display device that sweeps the electron beam 
horizontally across the screen at a linear rate. The test signal, applied to the 
vertical input, is then represented on the crt screen as a line or lines ona 
graph. That is, the changes in amplitude of the test signal are “‘plotted”’ with 
respect to time. In effect, the scope uses a beam of electrons to draw a 
waveform on the screen just as you use a pencil to draw a waveform on a 
piece of paper. 


So that equal amounts of horizontal deflection represent equal intervals of 
time, a LINEAR horizontal sweep is required. The linear sweep voltage 


es uniform] from its minimum to maxim 


values, then drops very ; 
voltage, applied to the horizontal deflection plates, causes the electron beam 


to move horizontally at a constant speed, return rapidly to the starting point 
and then begin-another linear sweep. 


A common type of signal used to produce a linear sweep is a SAWTOOTH 


wave,as shown in Figure 15. The linear rise of the waveform from minimum 

to maximum occurs from point A to point B. The rapid decrease of the 

waveform from maximum to minimum occurs from point B to point C. A 

K v second sawtooth cycle then begins at point C, increases to maximum and 
then drops rapidly to minimum. The slower rising portion of the sawtooth 

Figure wave produces the horizontal linear deftectior-of the beam called the trace. 

15 The rapid decrease of the sawtooth wave from maximum to minimum 


produces the return motion called the retrace. , 
1. motion Called the retrace. 


One of the mo mon methods of developing a sawtooth voltage is to 
char ea i rough a high resistance; then dischar rough alow 
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aa 


bovrecented by the slowly rising voltage between points A and B on ane 
sawtooth waveform shown in Figure 15. Then, the capacitor is discharged 
quickly through a low resistance. This is represented by the rapid fall in 
voltage between points B and C in the Figure 15 waveform. 


Another method for developing a sawtooth voltage is to rapidly charge a 
capacitor through a low resistance; then discharge the capacitor through a 
Be exes) Hoy everett tier tatiod the oltpat sawisoth Sienal 
will resemble the waveform shown in Figure 15. RC charge and discharge 
rates are not linear, as they follow exponential curves. However, if a very 


all portion of a long RC time is used for the trace, it will a appear to be 
relatively linear. This is what is done in most expensive sweep generator 


circuits. 


A simplified schematic of a sawtooth generator is shown in Figure 16. This > 
circuit is basically a free-running multivibrator that rapidly charges one of 
the sawtooth-forming capacitors (C,, C, or C,) through the low resistance of 
R; and transistor Q, during the intervals when Q, conducts. When Q, cuts 
off, the capacitor slowly discharges through potentiometer R,. 


ae 


SAWTOOTH VOLTAGE 

TO Sy 
AMPLIF 

So 


Figure 16 


When power is applied to the circuit, the instantaneous voltage across 
capacitor C, (the sawtooth-forming capacitor that has been selected with 
switch SW,) is zero. Therefore, the emitter voltage of transistor Q, is equal 
to the supply voltage (+ Vcc), which causes Q, to conduct since it is forward 
biased by the less positive potential on the base. 


When Q, conducts, the voltage at its collector rises. This applies a positive 
voltage through capacitor C, to the base of Q, to serve as a reverse bias that 
keeps Q, cut off. 
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Figure 
17 


This condition exists for a very brief time period during which capacitor C, 
charges through the low resistance of forward-biased transistor Q, and 
collector resistor R;, which also must have a low resistance value. However, 
the Q, emitter voltage decreases rapidly as C, charges, decreasing the 
forward bias on Q,. Q,’s collector voltage drops as the decreasing forward 
bias causes Q, to quickly come out of saturation. The rapidly decreasing Q, 
collector voltage, applied to the base of transistor Q,, continues to drop until 
Q, becomes forward biased and starts to conduct. 


When transistor Q, starts conducting, its collector voltage rises. Since the Q, 
collector is direct coupled to the Q, base, this increasing voltage further 
reduces the Q, forward bias. The decreasing forward bias insures that Q, 
cuts off. This action is regenerative; therefore, Q, goes from saturation to 
cutoff in an extremely short time. The point at which Q, cuts off is indicated 
by point A in Figure 17. 


When transistor Q, cuts off, voltage is no longer developed across resistor R; 
to forward bias Q,. The Q, base voltage is now determined solely by biasing 
resistors R, and R,;. The resistance values of R, and R; are selected to hold 
Q, in conduction at this time. Transistor Q, remains cut off and Q, continues 
to conduct for the relatively long time period between points A and B of 
Figure 17. This is the linear trace interval. 


With transistor Q, conducting, its positive collector voltage, which is fed to 
the Q, base, holds Q, in cutoff. The Q, emitter voltage increases relatively 
slowly as capacitor C, discharges through the high resistance of potentiome- 
ter Rar Q: i H4 itter voltage increases enough for it to 
become forward biased. 

iceperabe trices 10S ALE 


The instant that transistor Q, starts to conduct, the regenerative action of the 
circuit rapidly switches Q, from cutoff to saturation. When Q, conducts, the 
positive voltage developed across resistor R; reverse biases transistor Q, to 
cutoff. When Q, cuts off, the voltage across resistor R, drops to zero, which 
increases the forward bias on Q,. Therefore, Q, goes from cutoff to 
saturation in an extremely short period of time. The point at which Q, 
saturates is indicated by point B in Figure 17. 


The saturation current through transistor Q, quickly charges capacitor C, 
again. The charge time is represented as the period between points B and C 
in Figure 17. This is the retrace interval. A second cycle of operation starts 
at point C when transistor Q, has again gone into cutoff. 


The multivibrator circuit of Figure 16 will continue to oscillate as long as 


power is applied to the circuit. The varying voltage at the emitter of 


7425 
26 


CATHODE RAY TUBES AND OSCILLOSCOPES 


transistor Q, is in the form of a sawtooth. The sawtooth voltage is applied to 
the hori amplifier through capacitor C;. 


The resistance of potentiometer R, and the capacitance of the sawtooth- 
forming capacitor (C,, C, or C;), selected by switch SW,, determine the rate, 


retrain aie 


a ee 


or pe tieatiency, a at which SR ae across transistor Q, rises eee n minimum 
SF aaa 


the FIN FINE FREQUENCY CONTROL, or FRE UENCY VERNIER Ci CON- 
TROL, se permits continuous variation of frequency in the range 


SN aml 


The fi free-r iVi ay be used to produce the horizontal trace, 
but te _to_make the circuit more useful in the Oscilloscope, the sweep is 


triggered s so that it will be synchronized to the test signal. 


SYNCHRONIZATION 
To obtain a-stationary-pattern_on the oscilloscope screen, there must be 
some 5 exact pay we alae the frequency of the test. signal and t he 


peontal sweep Toltee eee are exactly equal, one complete cycle of 
the test signal appears on the screen. If the frequency of the test signal is 
exactly twice the horizontal sweep frequency, then two complete cycles of 
the test signal appear on the screen, and so on. 


If there were no way to lock the horizontal sweep generator frequency to the 
test signal frequency, the scope’s fine frequency control would have to be 
constantly adjusted to hold the crt pattern stationary. To avoid this problem, 
oscilloscopes include a means of synchronizing the sweep generator to the 
( is to trigger the multivibrator 
Sirtroital sweep circuit with pulses that are obtained from the test signal. 
The pattern will then remain stationary on the crt screen. 


A simplified schematic of a typical sync circuit used to synchronize the 
sawtooth generator to the test signal is shown in Figure 18. The SYN- 
CHRONIZING SIGNAL, commonly called the SYNC SIGNAL, is selected 
by switch SW, and is ac coupled to the sync circuit. The syne circuit 


controls, amplifies and eae the syne signal it into pulses that are used to 
trigger the sawtooth gene —— 
< Tr the sawtooth generat 


The sync signal may be obtained from the internal vertical amplifier or from 
the éxternal circuit under test. The external-signalis—applied—through 
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Figure 18 


appropriate terminals which are usually located on the front panel of the 
oscilloscope. These terminals are often identified as the external sync (EXT 
SYNC) input terminals or external trigger (EXT TRIG) terminals. 


Switch SW, is commonly called the SYNC SELECTOR SWITCH, or simply, 
the SYNC SWITCH. This switch is normally found on the front panel of the 
oscilloscope. The switch has two positions, marked INT (internal) and EXT 
(external), to permit the scope operator to select the sync signal he wishes to 
use. 


The sync signal is applied to the gate of transistor Q,. The output at the Q; 
drain is amplitude controlled by the constant current circuit of transistor Q. 
The current through Q, is relatively constant because of the fixed voltage on 
its base. The amount of constant current obtained is determined by the 
setting of potentiometer R,, the Q, emitter resistor. Since the current 
through Q, is the combined currents of transistor Q, and the base current of 
transistor Q;, any variation in current through Q, causes equal changes in the 
Q; base current. When a low-amplitude external signal is applied to the gate 
of Q;, R, may be set to increase the gain of Q,, and when a larger signal is 
applied to the input, R, may be set so that Q, has less gain. Therefore, 
potentiometer R, controls the amplitude of the sync _si i the 


base of Q,. 


The pattern on the crt screen is held stationary when potentiometer R, is set 
for a proper amplitude-of-sync-signalatthe-base of current amptifier-Q;. 
Potentiometer R,is commonly referred to as the SWEEP TRIGGER LEV 

CONTROL or SYNC AMPLITUD ONTROL. This control is usually 
found on the front panel of the oscilloscope. The sync signal is amplified by 
transistor Q; and is direct coupled through phase inverter Q;, to the 


waveshaping circuit of Q, and Q,. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


AMPLIFIER SECTIONS 
VERTICAL DEFLECTION AMPLIFIER 
HORIZONTAL DEFLECTION AMPLIFIER 
ATTENUATOR NETWORKS 


HORIZONTAL SWEEP CIRCUITS 


To produce a waveform of adequate size when small signal voltages are 
being viewed, the vertical amplifier of an oscilloscope should provide high 
gain. True or False? 


Why is a wide frequency response necessary for the vertical amplifier of an 
oscilloscope? 


It is desirable for the vertical amplifier of a scope to have high input 
impedance and low shunt capacitance. True or False? 


In the circuit of Figure 11, with respect to the signal voltage at the Q; 
collector, the signal voltage at the Q, collector is (a) in phase, (b) 180° 
out-of-phase. 


What function does R, serve in the circuit of Figure 11? 


If the circuit of Figure 11 is used as a horizontal deflection amplifier, what 
is the function of R,? 


In a general purpose oscilloscope, the gain of the horizontal amplifier is 
normally (a) greater than the gain of the vertical amplifier, (b) less than the 
gain of the vertical amplifier. 


Why are capacitors usually connected across the resistors in an attenuator 
such as that of Figure 13? 


The purpose of Q, in Figure 14 is to provide a large voltage gain. True or 
False? 


A linear sweep is required in an oscilloscope so that equal amounts of 
horizontal deflection represent equal periods of time. True or False? 


The type of waveform that is commonly used to produce a linear sweep in 
an oscilloscope is a (a) sinewave, (b) sawtooth, (c) straight line. 
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46. 


47. 


48. 


In the sawtooth generator of Figure 16, the slow, linear rise of the sawtooth 
occurs when Q, is (a) conducting, (b) cut off. 


At a given setting of SW, in Figure 16, what would happen to the sawtooth 
frequency if R, were set to a higher resistance? 


To produce a sawtooth waveform in the circuit of Figure 16, Q, must be 
cut off for a longer period of time than when it is conductive. True or 
False? 
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The waveshaping circuit is a bistable multivibrator constructed with a single 


emitter resistor (R,) for regenerative feedbac 1S type of circuit is also 
known as a Schmitt trigger. With no input si male tra Cts an 


transistor Q, is cut off. The Q; base voltage is set by the divider network of 


resistors R;, Rg and Ryo. With Q; conducting, its emitter voltage keeps the Q, 
emitter positive with respect to the Q, base. This keeps Q, reverse biased. 
The Q, base voltage is set by the Q;, voltage collector. When a sync signal 
causes transistor Q;, to conduct more, its collector voltage increases, which 
increases the Q, base voltage. When the Q, base voltage increases to a 
voltage level which we will call Epox, Q, starts conducting. The instant that Q, 
starts to conduct, its collector voltage decreases, which causes a decrease in 
the voltage at the Q,; base. The decreasing Q; base voltage reduces the 
forward bias on Q;, which reduces the current through Q.. 


This would also reduce the current through Ry, except that Q, is now 
conducting. Instead, the current through R, increases, increasing the Ro 
voltage drop, which causes the Q, emitter voltage to rise, further reducing 
the forward bias on Q,. The increase in current through Q, further decreases 
its collector voltage, which causes a still greater decrease in voltage at the 
base of Q;. The continuing reduction of forward bias on Q; drives Q, into 
cutoff. This action of transistors Q, and Q; is regenerative, and once 
starts to conduct, it Changes-veryrapidly from cutoff to full conduction. At 
the same time, Q,; changes from full conduction to cutoff. The circuit 
remains in this condition until the signal voltage at the base of transistor Q, 
drops to a level, Eorr, that causes the current through Q, to start decreasing. 


When the Q, pase VOlipeeetepe roms 2 Teeenetative action starts that 


rapidly chan from full conduction to cutoff. As Eorr is reached, Q, 


current decreases, increasing the Q, collector solace and also the voltage at 
the base of Q;. This increasing forward bias on Q; increases the voltage drop 
across emitter resistor Ry, which causes the decreasing forward bias on Q, to 
decrease even further, until Q, cuts off. At the same time, transistor Q; 
changes from cutoff to full conduction. 


The e output waveform produced by transistors Q, and Q; of 
Figure 18 does not depend on the shape of the input waveform. The output 
waveform only reflect nstant that the sync voltage signal at the base of 
Q, i and the instant that the Q, base voltage si 

Kore. Thi waveshaping circuit always produces a rectangular output 


waveform. 
Ls 


The most important thing about the output of the waveshaping circuit is not 
the sHape ; é€ ou rm 
changes states. The output state chan ave a precise relationship to the 
input signal voltage levels that trigger the state changes. 
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The shape of the rectangular output waveform st the Qs collectors alter? 
into positive and negative pulses. These pulses are amplified by transistor Q, 
and direct soupled to the sawtooth generator circuit. The positive pulse 
triggers the sawtooth generator to start a cycle of horizontal drive, syn- 
chronizing the trace with the test signal on the crt screen. 


The waveforms in the sync circuit must be studied to understand the 
relationship of the sawtooth generator voltage to the test signal voltage. In 
Figure 18, ac signal at the gate of transistor Q, is in phase with the test signal. 
This sync input signal is shown in Figure 19A. The waveform has a positive 
slope when rising and a negative slope when falling. 


Because Q, is a source follower, the Q, base signal polarity is the same as the 
sync input signal. The inverted output at the Q, collector drives Q3,, whose 
collector waveform is an amplified version of the input signal, and has the 
same polarity as the input signal, as shown in Figure 19A. 


We have noted that transistor Q, starts conducting when its base voltage 
reaches Eoy. In our example, Epox has a value that is approximately 70% of 
the peak sinewave voltage. Therefore, Q, starts conducting and Q, stops 
conducting when the waveform shown in Figure 19A reaches 70% of its 
peak positive value. This is time t, in Figure 19A. This point in time is also 
shown in Figure 19B, which is the waveform obtained at the Q, collector. As 
transistor Q, cuts off, its collector voltage goes to maximum. 


Eorr (to) is lower than Epox, about at the midpoint of the input signal 
waveform. When the waveform at the Q,, collector drops to about zero 
volts, transistor Q, stops conducting and Q, starts conducting again. The Q, 
collector voltage then drops back to a low level, as shown at t, in Figure 19B. 
The RC circuit of resistor R,. and capacitor C, converts the rectangular 
waveform into pulses, shown in Figure 19C, that are applied to the sawtooth 
generator through transistor Q,, where positive pulses trigger each cycle of 
the sawtooth waveform. 


The ositive pulse triggers the sawtooth generator when the test signal is 
Ositive, resulting in a crt screen trace as shown in Figure 19D 

Because the signal is on the positive slope as it starts, the pattern is incon 

pe TB i alae se ttl toasted REE Batting wrt ala wheels LS! 


on the positive slope. 
> 


Since no other provisions are made in the circuit of Figure 18, it always 


triggers the pattern on the positive slope. The point on the slope at which the 


trace is triggered depends on when transistor Q, is turned on. Q, starts 


conducting when its base voltage reache and this voltage level can Be 
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varied by changing the amplitude of the sync signal. When the sync 
amplitude is increased, Eoy 1s reached sooner, so that Q, is triggered sooner. 


When the sync amplitude is decreased, Q; is triggered later; therefore, the 


— 


pattern on the crt screen can be triggered at almost any point on thé positive 
slope of the sync signal input. 


It is common practice to illustrate waveforms starting on their positive 
slopes. For ease of comparison, the waveform on an oscilloscope should 


start on the same slope. The slope the pattern is triggere is easily _ 


changed by adding an extra stage of amplification in the sync circuit. 
Frequently, both slopes are important, and many oscilloscopes contain slope 
triggering circuits to permit the pattern to be triggered on either slope. 


SLOPE TRIGGER CIRCUIT 


Triggering the sawtooth generator so that the test signal pattern on the crt 
screen starts on the desired slope is important, especially when observing 
only one or two cycles of a waveform. Because the two outputs of a 
differential amplifier are 180° out-of-phase, this type of circuit is often used 


~at_the input of a sync signal amplifier to allow switch selection of a sync 
signal of the desired slope. This circuit; shown in Figure 20, is commonly 


referred to as the SLOPE TRIGGER CIRCUIT. 
SL ATT a Ee 


Switch SW, is commonly referred to as the SLOPE TRIGGER SELE 


switch, or simply the SLOPE SWITCH. This switch is usually found on the 
front panel of the oscilloscope. The front panel is normally marked + 
(positive) and — (negative) to indicate the two switch positions. 


COMPLETE OSCILLOSCOPE SCHEMATIC 


We have studied some typical circuits which make up the main sections of 
an oscilloscope. Now, let’s look at a complete oscilloscope schematic 
diagram and see how the various sections work together. 


Figure 21 is a schematic diagram of a typical oscilloscope. In this transis- 
torized scope the components are assembled on printed circuit boards in 
functional groups. Each printed circuit board is represented on the schemat- 
ic by heavy dashed-line blocks that contain the components that are on the 
DC boards. 


The power supply circuit board contains all of the dc power supplies, 
including the high-voltage supply. The horizontal circuit board contains the 
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LUM 


HM PERE 
pest 


A scope designed for either laboratory or service use. It 
incorporates many of the good qualities of the more expen- 
sive laboratory scopes but without the ultra wide band 
frequency response and dual-trace features. 

Courtesy Dynascan Corp. 


complete horizontal amplifier. The sweep circuit board contains the syne 
circuit and the sawtooth generator. The vertical circuit board contains the 
vertical amplifier, except for an input attenuator that is connected to the 
front panel. The crt is mounted on the chassis of the oscilloscope. 


The test signal goes to the vertical input terminals, J, and J,. This input is 
coupled to the attenuator network through the VERTICAL AC-DC SWITCH 
(SW,). Switch SW,, normally found on the oscilloscope front panel, allows 
the operator to view a total test signal (DC position) or eliminate the de 
component in the test signal (AC position). 


The step attenuator switch (SW;) couples the test signal to the Vertical 
Circuit Board. Three of the positions of switch SW, allow the input signal to 


be attenuated by factors of 100, 10 or 1. The first position of SW, grounds-the 
igpuror the’ vertical ampltict 0 ow of the amplifier’s 
dc_balance and the deflection plate voltages. This vertical amphfferIs-very 
similar to the vertical amplifier of Figure 11, except for some circuit 
refinements. Resistor R, protects transistor Q, if too high a potential is 


applied to the vertical amplifier input. Capacitor C, provides a path around 
R, to improve high-frequency response. Diode-connected transistors D, and 
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D, provide zener action that limits the input signal to approximately +9 
volts, which further protects Q, from input high-voltage damage. 


Another refinement affords greater operator control. The Vertical Position 
control, potentiometer R,), is made up of three pots instead of one. The 
coarse position control consists of two potentiometers that are connected so 
that as the resistance of one increases, the resistance of the other decreases, 
to maintain a constant resistance in the circuit. The voltage drop across the 
100 ohm fine position control therefore remains constant, but the voltage 
applied to it changes from +9 volts to zero volts, depending on the setting of 
the coarse control. This arrangement permits more accurate setting of the 
vertical position of the trace. The coarse control is normally found on the 
chassis, and the fine control is a front panel control. 


Degenerative feedback is commonly used in the amplifiers of an oscil- 
loscope to assure good stability and better frequency response. The vertical 
amplifier of Figure 21 has one more gain stage than the circuit of Figure 11 to 


compensate for loss of amplification due to the use of degenerative feedback 
caused by the emitter resistors. 


Judicious application of positive feedback can also increase frequency 
response. Capacitors C3, C, and C,, connected between the emitters of the 
push-pull amplifiers, provide regenerative feedback to boost the high- 
frequency gain. C, is a variable capacitor that allows adjustment for the 

broadest frequenee response, so that the circuit ampiNes a Square Wave — 


accurately. This control is normally found on the chassis. 


The circuits on the Sweep Circuit Board that are similar to the circuits of 
Figures 16 and 18 function in essentially the same manner. Resistor Ryjo,, 
transistors D, 9, and Dy 3, and capacitor C,), are added to protect transistor 
Qjo:. This operation is identical to that of the input protection components 
already described. 


The circuit of transistor Qjog is used to cut off the crt electron beam during 
retrace. The positive pulse at the Q,; emitter that triggers the start of the 
sweep generator is amplified and inverted by Qj, and applied to the control 


grid of the crt through capacitor Cy),, causing blanking d retrace. 


The horizontal sweep sawtooth wave is generated by the circuit of transis- 
tors Qj, and Q,,). Another constant current circuit, that of transistor Q,,,, is 
added to increase linearity of the sawtooth waveform. The sawtooth 
capacitors (Cy... Cis, Case, Crrzcand Cis) are discharged :at:a:constant rate; 
through Q,,,, to insure a linear trace. In this scope, additional sawtooth 
generator capacitors are added in series for higher frequency steps of the 
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coarse frequency control, instead of using different capacitors for each 
sweep rate change. 


The circuit of the Horizontal Circuit Board is very similar to that of Figure 
11. The Horizontal Circuit Board also has input protection, and the stability 
of the amplifier is increased by degenerative feedback. The horizontal 
amplifier output applies the sweep voltage to the horizontal deflection plates 
for horizontal deflection of the test signal across the crt screen. 


The cathode ray tube and the negative high-voltage supply operate as 
previously described except that the intensity control is connected to the crt 
cathode rather than the control grid. The trace intensity is still controlled by 
varying the bias of the crt. The other dc power supplies function the same as 
those described in Figure 9. They also provide some additional voltages that 
are required for this oscilloscope. 


TYPES OF MEASUREMENTS 


Because_an oscilloscope is not limited by a fixed calibrated scale, a 

iechanical wot ee ereetsronarare wana be used to make different 
: Le ES aE LORS 

types of measurements. Basically, there are four types of measurements that 

can be madé with most scopes. These afé voltage, frequency, phase and 

distortion. All of these measurements are made by simply observing the 


“pattern traced on the screen of a crt. 


Voltage Measurements 


The characteristics of an oscilloscope make it particularly well suited for the 
measurement of ac voltages. An ac test signal voltage is normally applied to 
the input of the vertical amplifier section. The electron beam is then 
deflected vertically by amounts that are proportional to the positive and 
negative peaks of the ac voltages applied to the vertical deflection plates. 


Thus, the height of the pattern on the screen is pro Eg 


peak-to-peak amplitude of the voltage applied to the vertical input terminals. 
A oemailibbedtl sbitces dea ie vain 


For accurate measurements, the scope must be calibrated. This is done by 
using either a known accurate external ac voltage source or a built-in source, 
such as the 1 volt peak-to-peak source shown near the bottom of the Power 
Supply Circuit Board in Figure 21. The calibration voltage is applied to the 
vertical input terminals and the vertical gain controls are adjusted so that the 
trace has a specified height on the crt screen. 
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coarse frequency control, instead of using different capacitors for each 
sweep rate change. 


The circuit of the Horizontal Circuit Board is very similar to that of Figure 
11. The Horizontal Circuit Board also has input protection, and the stability 
of the amplifier is increased by degenerative feedback. The horizontal 
amplifier output applies the sweep voltage to the horizontal deflection plates 
for horizontal deflection of the test signal across the crt screen. 


The cathode ray tube and the negative high-voltage supply operate as 
previously described except that the intensity control is connected to the crt 
cathode rather than the control grid. The trace intensity is still controlled by 
varying the bias of the crt. The other dc power supplies function the same as 
those described in Figure 9. They also provide some additional voltages that 
are required for this oscilloscope. 


TYPES OF MEASUREMENTS 


Because _an oscilloscope is not limited by a fixed calibrated scale, a 
mechanical pointer or a meter , it-can be used to make different 
types of measurements. Basically, there are four types of measurements that 
can be made with most scopes. These sre villevet Lecieg teee and 
distortion. All of these measurements are fads by Sin ply’ ORGEr aa 


“pattern traced on the screen of a crt. 


Voltage Measurements 


The characteristics of an oscilloscope make it particularly well suited for the 
measurement of ac voltages. An ac test signal voltage is normally applied to 
the input of the vertical amplifier section. The electron beam is then 
deflected vertically by amounts that are proportional to the positive and 
negative peaks of the ac voltages applied to the vertical deflection plates. 
Thus, the height of the pattern on the screen _is proportional to the 


peak-to-peak amplitude of the voltage applied to the vertical input terminals. 
ee eee eee 


For accurate measurements, the scope must be calibrated. This is done by 
using either a known accurate external ac voltage source or a built-in source, 
such as the | volt peak-to-peak source shown near the bottom of the Power 
Supply Circuit Board in Figure 21. The calibration voltage is applied to the 
vertical input terminals and the vertical gain controls are adjusted so that the 
trace has a specified height on the crt screen. 
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This generator produces either a sinewave or a square wave 
from 20 Hz to 200 kHz. In conjunction with an oscilloscope, 
it is very useful for checking the frequency response of audio 
amplifiers. 

Courtesy RCA-Electronic Components 


The calibration voltage is then removed and as long as the vertical gain 
control remains unchanged, any unknown signal applied to the vertical input 
will produce a pattern on the crt screen, whose height can be correlated to 
the calibration signal. 


The height comparison is normally made ona scope graticule. The graticule, 
sometimes referred to as a grid or recticule, is often a flat transparent plasfi 
plate which is placed in front of the crt screen. The plate is usually divided 
into equal units (normally centimeters) vertically and horizontally. The 
calibration voltage and the unknown voltage are then compared in centime- 
ters. 
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As an example assume, that an oscilloscope is calibrated so that a 1 volt 
peak-to-peak vertical input produces a trace with a height of 1 centimeter on 
the screen. If an unknown voltage applied to the vertical amplifier section 
produces a pattern that measures 4 centimeters peak-to-peak the amplitude 
of the unknown voltage is 4 volts peak-to-peak. This is because each 
centimeter of vertical deflection represents a peak-to-peak voltage of 1 volt. 


Since the input step attenuator changes the test signal in exact steps, it can 
be used to expand the range of voltage measurements. Assume that the 
calibration was accomplished while using an attenuation factor of 1. If an 
unknown input signal then deflects the trace pattern beyond the top and 
bottom of the screen, the step attenuator must be reset to reduce the 
amplitude of the pattern to fit the screen. If this is accomplished when the 
step attenuator is reset to the position that attenuates the signal by a factor 
of 10, and the pattern is 4 centimeters high, then the unknown voltage is 
equal to 40 volts. This is because each centimeter of vertical deflection now 
represents a peak-to-peak voltage of 10 volts. 


The oscilloscope shown in Figure 21 uses dc coupling; therefore, it can be 
used to measure dc voltages as well as ac voltages. However, the scope must 
again be appropriately calibrated. To do this, the step attenuator is first set to 
the ground position. Then, using the vertical position control, the trace (now 
a horizontal line) is positioned at the center of the graticule. The calibration 
is then performed in the same manner as for ac, except that the AC-DC 
switch must be set to the DC position, and a dc calibration voltage is applied 
to the vertical input. Now when an unknown dc voltage is connected to the 
vertical input, the trace is deflected up or down to a position that is 
proportional to the amplitude of the input voltage, and relative to the 
calibration voltage. 


As an example, assume that the trace is adjusted for a vertical deflection of 
one centimeter when a +9 volt dc calibration voltage is applied. If the 
unknown voltage then deflected the trace up 2 centimeters the voltage would 
be +18 volts, and if the unknown voltage deflected the trace down 3 
centimeters the voltage would be —27 volts. This is because each centimeter 
of deflection represents 9 volts and the direction represents the polarity. 


The oscilloscope can also be used to measure the gain of an amplifier or 
other electronic devices. Gain measurements are made by comparing the 
amplitude of the output waveform to the amplitude of the input waveform. 
For example, assume that a scope is connected to the grid of an amplifier 
tube, and a waveform with a peak-to-peak amplitude of 1 cm appears on the 
graticule when the amplifier is carrying a normal signal. The scope is then 
connected to the plate of the amplifier tube, and a waveform with a 
peak-to-peak amplitude of 6 cm appears on the graticule. The output 
waveform is 6 times larger than the input waveform, so the amplifier voltage 
gain is 6. 
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This wide band 5" scope includes a built-in voltmeter directly 
under the crt screen. The meter may be used in calibrating the 
screen for peak-to-peak voltage measurements. 

Courtesy Bach-Simpson Ltd. 


Frequency Measurements 


An oscilloscope can also be used to measure frequency. The simplest way to 
measure frequency is to use the internally generated sweep voltage as a~ 
nals and the SYNC CONTROL set to INT, adjust the coarse and the fine 
frequency controls for a stationary pattern on a screen. The pattern will be 
station n the unknown frequenc iple of fre- 


quency. To find the unknown frequenc aia ] r_of cycles on 


the screen by the frequency of the horizontal sweep generator. For example, 


if the sweep generator of the scope is set at 1000 it 1000 Hz and two cycles of a test 


signal appear on the screen, the frequency of the test signal must be 1000 x 2 
= 2000 Hz. 
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Figure 


Figure 
23 


re 


ee os 


This is an easy method of checking frequency, but its accuracy depends on 
the quality of the oscilloscope being used. The sweep controls on an 
oscilloscope usually are not accurately calibrated, so the sweep generator 
frequency used in the calculation is only approximate. 


A more accurate frequency measurement may be obtained by comparing the 
trace pattern of the unknown frequenc signal to the pattern produced by an 
accurately calibrated Signal generator outputs The TaRROWE PE signal is 
applied to ertical input, the SYNC CONTROL set to INT, and the 
sweep frequency controls adjusted until one or more complete cycles appear 
on the crt screen. When these adjustments are made, the SYNC LEVEL 
control should be set at zero so that the sweep generator is free running, and 
only the sweep frequency controls used to stop the pattern on the screen. 
This pattern might look like the one shown in Figure 22. 


The number of cycles on the screen should be counted now. Without 


touching the sweep frequency controls, the test signal is removed from the 
vertical input, and the output of the signal generator is applied to the vertical 
input of the scope. The signal generator frequency control is adjusted until 
the same number of cycles appears on the crt as when the unknown signal 
was applied. This means that the signal generator frequency is the same as 
the frequency of the unknown signal. You can determine this frequency by 
simply reading the dial on the signal generator. 


Anoth frequency measurement i i ret various patterns 
= 5 SE 
which are produced on the crt when sinewaves are applied to each set of 
a a ine A tne “ ~- SS 


deflection plates. These patterns are called LISSAJOUS FIGURES. Frequen- 
cy ratio _be obtained from these patterns. By knowin the frequency of 


one of the voltages, the frequency of the other voltage may be found: 


Tl e horizontal sweep generator is not used in this method of 
‘hte Wee y measurement. The Coarse Frequency Control is switched to the> 
external input position (EXT IN). Then, the unknown test signal is applied to 
the vertical input and the known eapeiey NUE 
input. The pattern produced on the screen may be like that shown in Figure 


yey 


T t ertical to the hori ignal voltage is equal to 
the ratio of the number of points at which the Lissajous pattern tou the 
line labeled -X<X To The mimber af pointe tench eee aches in 
Figure 23. When a voltage of Known frequency is applied to the horizontal 
input, you can Aue ts unknown frequeney by dividing the number of laops 
touching line X-X by the number of loops touching line Y-Y and multiplying 
the result by the horizontal input-frequency. That is: 
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: pty loops touching X-X 
oad UI loops touching Y-Y 


where f, is the horizontal input frequency and f, is the vertical input 
frequency. 


Let’s use Figure 23 to illustrate this system of frequency measurement. 
Three complete loops are touching the horizontal line X-X, and one loop 
touches the vertical line Y-Y. Suppose that the frequency of the signal 
applied to the horizontal input is 1000 Hz. In this case, the frequency of the 
vertical input signal would be f, = 1000 Hz x 3/, = 3000 Hz. 


As the frequency ratio increases, it becomes more difficult to interpret the 
figures. Usually a ratio of 10 to 1 is about the largest ratio that can be easily 


read. The main in using Lissajous figures are in obtaining two 
Voltages whose frequencies have an exact whole-number relationship to 
each other and whose frequencies do not drift. If either frequency drifts, the 
pattern will be in constant motion. _ ; 


Phase Measurements 


In the design or maintenance of electronic equipment, it may be necessary to 
make phase measurements of voltages or currents. Ehese phase measure- 


ments are made by comparing two ac voltages of the same frequency and 


noting their relationship to each other. 
ot ae ll 


To measure phase angle, one signal is applied to the vertical amplifier and 
the other signal is applied to the horizontal amplifier. The horizontal and 
vertical gain controls are then adjusted so that the horizontal and vertical 
deflection are equal. The result is a Lissajous pattern on the screen. Figure 
24 shows some typical Lissajous patterns obtained by comparing sinewave 
signals of various phases. 


When two signals are in phase, a straight line, slanted to the right (or to the 
left, depending on the construction of the scope), will be produced. This 
pattern is shown in Figure 24A. Figure 24B shows the pattern for two signals 
that are 45 degrees out-of-phase with each other. Two signals 90 degrees 
out-of-phase produce a circle, as in Figure 24C. The pattern of Figure 24D is 
the result of two signals 135 degrees out-of-phase, and the straight diagonal 
line of Figure 24E is the result of a phase difference of 180 degrees. 
Depending upon the scope design, all of the slanted patterns will be either as 
shown in Figure-24 or they will all have the opposite slopes. The patterns 
obtained from the scope of Figure 21 slant as shown in Figure 24. 
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Notice that the trace changes from a diagonal line to an elliptical pattern that 
widens into a circle, and then becomes elliptical and ends up as a diagonal 
line in the opposite direction, as the phase angle is increased from 0 degrees 
to 180 degrees. If the angle is increased from 180 to 360 degrees, the pattern 
goes through the same changes in reverse order, from Figure 24E back to 
Figure 24A. 


Distortion 


Any unwanted change in the signal being amplified or coupled from one 


Stage to another is called DISTORTION. Because an oscilloscope displays 
the_actual waveform of the signal under SST IETS an excellent devicaieas 
detocting Uiortion-Po- deter ave if Cee ate eee device 
signal, first observe the input signal on the oscilloscope screen. Then 
observe the output signal. In an amplifier, the output may be much greater in 


amplitude than the input, but it should have the same shape as the input 
waveform. Any difference between the shape of the input and output 


signals, other than a phase inversion, indicates some form of distortion. 


If distortion is present in a multi-stage amplifier, the stage producing the 
distortion can be found by examining the input and output waveforms of 
each stage. Additional tests, such as voltage and resistance measurements, 
can then be used to find the cause of the distortion within the stage. 


SUMMARY 


The oscilloscope is a very useful test instrument. It can be used to display 
circuit waveforms when designing or troubleshooting electronic equipment. 
It can be used as a de or peak-to-peak ac voltmeter. It can also be used to 
measure phase shift and determine unknown frequencies. 


The heart of an oscilloscope is a cathode ray tube. A crt has an electron gun 
to produce an electron beam, a deflection section to deflect the beam and a 
screen to view the movement of the beam. Most scopes use crt’s with 
electrostatic deflection and focusing. In this tube type, the electron beam is 
focused by the electrostatic field between gun electrodes, and the electro- 
static fields between the deflection plates deflect the beam vertically and 
horizontally on its path to the screen. 


Images are produced when electrons strike the phosphor coating that serves 
as the screen. The energy from the high speed beam electrons is changed to 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


49. 


50. 


51. 


52. 


~his 


54. 


De: 


56. 


Bie 


58. 


SYNCHRONIZATION 
SLOPE TRIGGER CIRCUIT 
COMPLETE OSCILLOSCOPE SCHEMATIC 
TYPES OF MEASUREMENTS 
VOLTAGE MEASUREMENTS 
FREQUENCY MEASUREMENTS 
PHASE MEASUREMENTS 
DISTORTION 
With an oscilloscope, a synchronizing signal is normally applied to the (a) 
horizontal amplifier, (b) vertical amplifier, (c) horizontal sweep generator. 


A sync signal replaces the horizontal sweep circuit in an oscilloscope. True 
or False? 


What is the purpose of the sync amplitude control in an oscilloscope? 
Changing the setting of SW, from the position shown in Figure 21 to 
position 2 will cause the amplitude of the signal applied to Q, to (a) 
increase, (b) decrease. 

In the circuit of Figure 21, a positive-going signal on one of the vertical 
deflection plates is accompanied by a negative-going signal on the other 
vertical deflection plate. True or False? 


What are the functions of SW,,. and R,», in Figure 21? 


Which control would you adjust in the circuit of Figure 21 to increase the 
amount of horizontal sweep? 


Which control would you adjust in the circuit of Figure 21 to move the 
pattern from side to side on the screen? 


R,,, in Figure 21 serves as the (a) intensity control, (b) focus control, (c) 
spot shape control. 


In the high-voltage supply circuit of Figure 21, is the V, grid positive or 
negative with respect to the V, cathode? 
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59. How is an oscilloscope calibrated to measure peak-to-peak voltage? 


60. When Lissajous figures are used for frequency measurement, both the 
unknown and known frequencies are applied to the vertical input ter- 
minals. True or False? 


61. Suppose that a 6000-Hz signal were applied to the horizontal input of an 
oscilloscope. What would be the frequency of a signal applied to the 
vertical input if the following pattern appears on the screen? 


62. What phase relationships are illustrated by the following Lissajous 
patterns? 


A B 


63. Why is an oscilloscope an excellent means of detecting distortion? 
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light energy as the electrons hit the phosphors. There are many types of 
phosphor materials, each with its own characteristics. One important 
characteristic is persistence, which refers to the length of time that the 
screen glows after it is struck by the electron beam. Another characteristic is 
the color of light given off by the screen. 


Circuits in an oscilloscope provide the signals that control the crt electron 
beam movement. An oscilloscope horizontal sweep section is used to 
provide a linear horizontal time base for the crt. This results in a signal that 
deflects the beam horizontally across the screen at an even or linear rate. 
The test signal is applied to the vertical input of the scope, and a portion of 
the signal is used to trigger the sweep section. The sweep section is used to 
select and amplify the synchronizing signals to maintain a stationary pattern 
on the screen. An external trigger may also be used. When the frequency of 
the input signal is equal to some whole-number multiple of the horizontal 
sweep frequency, the image on the screen of the crt is stationary. 


The output signals of the vertical and horizontal amplifiers are applied to the 
deflection plates to deflect the electron beam. Depending on the combination 
of voltages on the deflection plates, the electron beam of the crt may be 
moved to any point on the screen, tracing out a pattern of the test signal. 


The power supply of a scope is made up of two sections: the low-voltage 
power supply and the high-voltage power supply. The low-voltage supply 
furnishes voltages for all stages. The high-voltage supply furnishes voltages 
for the electrodes of the crt. 


Many practical measurements can be made by general purpose oscil- 
loscopes. The general purpose oscilloscopes described in this lesson are 
suitable for most measurements of amplifier gain, frequency response, 
distortion and phase relationship. Some scopes are more specialized, 
designed to handle particular types of applications. 
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APPENDIX 


TYPICAL PHOSPHOR CHARACTERISTICS 


PHOSPHOR 


COLOR 


Green 
Green 
White 
Blue 
Yellow 
Blue 


Orange 
Orange 
Green 
Violet 
Yellow 
Orange 
Orange 
Three-color 
White 
Green 
Orange 
Orange 
Orange 
Green 
Two-color 
Green 
Green 
Orange 
Green 


PERSISTENCE APPLICATION 


Medium 
Medium 
Medium 
Medium-Short 
Medium-Long 
Medium-Short 


Long 
Medium 
Very short 
Very short 
Long 
Long 
Long 
Medium 
Medium 
Short 
Medium 
Very long 
Medium 
Long 
Medium 
Medium-Short 
Long 
Very long 
Very long 


Radar, oscilloscopes 

Oscilloscopes 

TV picture tubes 

Photographic, recording 

Radar, oscilloscopes 

Photographic, recording, 
oscilloscopes 

Radar 

Military displays 

TV cameras 

TV cameras 

Military displays 

Radar 

Radar 

Color TV picture tubes 

TV picture tubes 

TV cameras 

Military displays 

Radar 

Color TV monitors 

Radar 

Aircraft instruments 

Oscilloscopes 

Radar 

Radar 

Radar, oscilloscopes 
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IMPORTANT DEFINITIONS 


ACCELERATING ANODE—An electrode normally operated at a high 
positive potential to increase the velocity of electrons in the electron 
beam. Also referred to as the SECOND ANODE. 


AQUADAG—A conductive material applied to the inside of the envelope of 
a cathode ray tube. The aquadag coating is an extension of the 
accelerating electrode and is also used to collect electrons that have 
struck the phosphor screen. 


ASTIGMATISM CONTROL—An oscilloscope control used to obtain proper 
focus of the beam at all positions on the crt screen. This control usually 
varies the voltage on the accelerating anode of the crt. Also called a 
SPOT SHAPE CONTROL. 


ATTENUATION—The process of reducing the level of a signal. 


ATTENUATOR—A component or network of components used to reduce 
the level of a signal. 


BRIGHTNESS CONTROL—In an oscilloscope, the control that varies the 
brightness, or intensity, of the image on the screen. It usually varies the 
de difference of potential between the cathode and control grid. Also 
called an INTENSITY CONTROL. 


CASCADE SCREEN—A screen that has more than one layer of phosphors 
to obtain a certain light characteristic. For example, two phosphors may 
be combined to obtain the characteristics of high light output and long 
persistence. 


CATHODE RAY OSCILLOSCOPE—An electronic instrument consisting of 
a cathode ray tube and its associated circuits, used to produce a visual 
display of the voltage applied to its input. 


CATHODE RAY TUBE (crt)—A vacuum tube in which electrons are formed 
into a beam and used to draw, or trace, an image of some desired pattern 
on a phosphor screen. The movement of the electron beam produces an 
image as in TV picture tubes, radar indicators and oscilloscope indi- 
cators. 


COARSE FREQUENCY CONTROL—A control which varies the frequency 
of the oscilloscope horizontal sweep generator in large steps. It is 
usually a multiposition switch which selects one of a number of 
capacitors to control the sweep frequency. 


DEFLECTION FACTOR—An expression that indicates the signal voltage 
required at the scope vertical input terminals to deflect the crt beam 
vertically one graticule division (1 inch, 1 centimeter, etc.). It is also an 
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IMPORTANT DEFINITIONS (Continued) 


indication of how much voltage is required between a set of deflection 
plates to deflect the crt beam a specified distance. 


DEFLECTION PLATES—In an electrostatic deflection system, the plates 
mounted inside the tube envelope used to deflect the electron beam 
across the crt screen. 


DEFLECTION SENSITIVITY—An indication of how far the spot or image 
on the screen is deflected vertically for a signal at the vertical input 
terminals of a specified amplitude. It is also an indication of how far the 
crt beam will be deflected with a specified voltage between a set of 
deflection plates. 


DISTORTION—Any unwanted change in the signal being amplified or 
coupled from one stage to another. 


ELECTRON GUN—The group of electrodes in a crt that supplies the 
electrons, forms them into a beam, directs them along the tube axis and 
accelerates them so that they hit the phosphor screen with enough force 
to cause the phosphor to emit light. 


ELECTROSTATIC DEFLECTION—A deflection system that uses varying 
electric potentials on a set of deflection plates to deflect the electron 
beam to any point on the crt screen. 


FINE FREQUENCY CONTROL—A continuously variable control which 
varies the frequency of the horizontal sweep signal in an oscilloscope. It 
is usually a potentiometer that provides continuously variable fre- 
quency control within the range selected by the coarse frequency 
control. 


FIRST ANODE—See FOCUSING ANODE. 


FLUORESCENCE—The emission of light by a substance only during 
excitation. An example of fluorescence is the light emitted at the time 
that the screen phosphors are struck by the beam electrons. 


FOCUS ANODE—An electrode to which a potential is applied to electrostat- 
ically control the focusing of the electron beam. Also referred to as the 
FIRST ANODE. 


FOCUS CONTROL—A control used to focus the electron beam to produce 
a small spot on the screen of a crt. This control usually changes the 
voltage on the focus anode of the crt to vary the difference of potential 
between the focus anode and the accelerating anode. 


FREQUENCY VERNIER CONTROL—See FINE FREQUENCY CON- 
TROL. 
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IMPORTANT DEFINITIONS (Continued) 


HORIZONTAL AMPLITUDE CONTROL—A control used to vary the 
amplitude of the horizontal sweep signal applied to the horizontal 
deflection plates of a crt. Also called a HORIZONTAL GAIN CON- 
TROL or WIDTH CONTROL. 


HORIZONTAL GAIN CONTROL—See HORIZONTAL AMPLITUDE 
CONTROL. 


HORIZONTAL POSITIONING CONTROL—A control used to shift the 
beam from side to side, and thus shift the pattern horizontally on the 
screen of a crt. 


HORIZONTAL SWEEP CIRCUIT—A circuit that produces a sawtooth 
voltage to sweep the beam from side to side at a linear rate on the screen 
of a crt. The circuit that provides a linear time base for the oscilloscope 
when a waveform is to be viewed on the screen. 


INTENSITY CONTROL—See BRIGHTNESS CONTROL. 


LISSAJOUS FIGURES—Patterns obtained when sinewaves of different 
frequency or phase are applied to the vertical and horizontal inputs of 
an oscilloscope. 


LUMINESCENCE—The emission of light by a substance due to the 
absorption of energy. An example is the light emitted by a phosphor 
material which is struck by fast moving electrons. 


PERSISTENCE—The measure of the length of time that a phosphor glows 
after it has been struck by an electron. The longer the persistence, the 
longer the phosphor glows after it is initially struck. 


PHOSPHOR—A material that emits light when struck by electrons. The 
material that forms the screen of the crt. 


PHOSPHORESCENCE—The emission of light which persists for a time 
after electrons strike the phosphor screen. 


SCREEN—The phosphor coating on the face of a crt, which is excited by the 
electron beam, producing the visible pattern. 


SECOND ANODE—See ACCELERATING ELECTRODE. 

SLOPE SWITCH—Normally, a two position switch that selects the start of 
the trace pattern on the positive or negative slope of the test signal. Also 
referred to as the SLOPE TRIGGER SELECTOR. 

SLOPE TRIGGER SELECTOR—See SLOPE SWITCH. 


7425 
45 


CATHODE RAY TUBES AND OSCILLOSCOPES 


IMPORTANT DEFINITIONS (Continued) 


SPOT SHAPE CONTROL—See ASTIGMATISM CONTROL. 


STEP ATTENUATOR—A switch-type control that varies the amount of 
signal attenuation in steps, as compared to the smooth, continuously 
variable control of a potentiometer. 


SWEEP TRIGGER LEVEL CONTROL—See SYNC AMPLITUDE CON- 
TROL. 


SYNC AMPLITUDE CONTROL—A control that varies the amplitude of the 
synchronizing signal applied to the horizontal sweep generator of an 
oscilloscope. Sometimes called SWEEP TRIGGER LEVEL CON- 
TROE; 


SYNC SELECTOR SWITCH—A switch used to select the source of the 
synchronizing signal fed to the horizontal sweep generator of an 
oscilloscope. In many scopes, a two position switch which permits 
selection of a sync signal from either the vertical amplifier circuit or 
from some external source. Commonly referred to as the SYNC 
SWITCH. <é 


SYNC SIGNAL—See SYNCHRONIZING SIGNAL. 
SYNC SWITCH—See SYNC SELECTOR SWITCH. 


SYNCHRONIZING SIGNAL—A signal used to keep the horizontal sweep 
generator of an oscilloscope in step with the waveform to be viewed. 
This signal ensures that the sweep generator begins a cycle of oscillation 
at the same time that a cycle of the test waveform begins so that the 
pattern remains stationary on the screen. Usually referred to as the 
SYNC SIGNAL. 


TRACE—The pattern produced on the screen of a crt by the movement of 
the electron beam. 


VERTICAL AC-DC SWITCH—Normally, a two position switch set for 
either viewing or eliminating the dc component of the test signal. 


VERTICAL AMPLITUDE CONTROL—A control used to vary the ampli- 
tude of the signal applied to the vertical deflection section of acrt. Also 
called a VERTICAL GAIN CONTROL. 


VERTICAL GAIN CONTROL—See VERTICAL AMPLITUDE CON- 
TROL. 


VERTICAL POSITIONING CONTROL—A control used to shift the beam ), 
up and down, and thus shift the pattern vertically on the screen of acrt. € 


WIDTH CONTROL—See HORIZONTAL AMPLITUDE CONTROL. 
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PRACTICE EXERCISE SOLUTIONS 


1. The basic purpose of a cathode ray tube is to display a picture whose shape 
is determined by voltages applied to the tube. 


2. By changing the deflection voltages across the crt deflection plates. 


3. The three main sections of a crt are: the electron gun, the deflection section 
and the screen. 


4. (c) electron gun.—The deflection plate voltages cause the electron beam to 
move up or down and left or right, while the screen shows a picture by 
luminescence—the giving off of light. 


5. The electron beam is bent, or caused to move from its normal path, by the 
deflection section. 


6. screen or face—The screen consists of a material that gives off light when it 
is struck by fast-moving electrons. 


\ 7. The five electron gun elements are: the heater, cathode, control grid, first 
) Py anode and second anode. 


8. The cathode emits the electrons that form the electron beam. The control 
grid controls the number of electrons that will make up the electron beam. 
The first anode is used to focus the electron beam so that the trace of light 
appears sharp and clear on the crt screen. 


9. The second anode, often called the accelerating anode or accelerating 
electrode. 


10. False—The second anode is normally operated at a high positive potential 
with respect to the cathode. 


11. False—Electrostatic lines of force exist only between points that are at 
different potentials. 


12. True 


13. Besides helping to focus the electron beam, the second anode acts to 
accelerate the electrons in the beam.—This is because the high positive 
potential applied to this anode attracts the negatively charged electrons. 


14. To change the focus of an electron beam, the voltage on the first anode is 
varied. 


) } ) 15. The graphite coating on the inside of the crt envelope is called aquadag. It 
is part of the second anode and helps maintain a uniform accelerating field. 
It also collects the electrons after they strike the screen. 


7425 
47 


CATHODE RAY TUBES AND OSCILLOSCOPES 


PRACTICE EXERCISE SOLUTIONS (Continued) 


16. Luminescence.—The screen is coated with a phosphor material which 
gives off light whenever it is exited (struck) by moving electrons. 


17. The term fluorescence refers to light given off while the screen phosphor is 
being struck by electrons. Phosphorescence is a term applied to any light 
given off by the phosphor after it is struck by the electron beam. 


18. The phosphors on the 5UP1 screen provide medium persistence and 
produce a green image. The image of the 5UP1 is the same color and has 
the same persistence as that of the 5BP1. Both types are 5 inch tubes and 
both have P1 phosphor screens. 


19. A set of charged plates attracts or repels an electron because of the 
interaction between the charges on the plates and the negative charge on 
the electron. 


20. The horizontal deflection plates shown in Figure 6 cause the electron beam 
to move right or left across the crt screen. 


21. VERTICAL 
DEFLECTION 
PLATES 
HORIZONTAL: 
DEFLECTION 
PLATES 


22. The electron beam would be forced downward and to the right. The lower 
vertical deflection plate and the right horizontal deflection plate attract the 
electron beam. 


ORIGINAL POSITION 
OF BEAM AT CENTER 
OF TUBE AXIS 


RESULTANT 
MOTION OF 
BEAM 


23. Deflection sensitivity is an indication of how far the spot moves vertically 
on the crt screen for each volt applied to the scope’s vertical input 
terminals. It is also an indication of how far the beam moves for a specified 
voltage between the deflection plates. These distances may be expressed in 
inches, centimeters or millimeters. 


24. 5 inches per volt. 


2.5 inches 


Oe Molec a 5 inches per volt. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


25. Deflection factor indicates the voltage required at the scope’s vertical input 
terminals to produce a certain deflection on the screen. It is also an 
indication of how much voltage is required between a set of deflection 
plates for a specified amount of beam deflection. It is the reciprocal of 
deflection sensitivity. 


26. 0.2 volt per inch. Dividing 1 by the deflection sensitivity obtained in 
Practice Exercise 24; '/,; = 0.2 volt per inch. 


27. The six sections are: the high-voltage power supply, the low-voltage power 
supply, the vertical amplifier section, the horizontal amplifier section, the 
horizontal sweep section and the cathode ray tube. 


28. True 


29. Signals applied to the horizontal deflection system move the spot from side 
to side on the crt screen. 


30. (b) vertical amplifier system. 
31. True 
32. (b) focus anode. 


33. The high-voltage power supply is usually connected to certain elements of 
the crt. 


34. (b) negative. 
35. True 


36. A wide frequency response allows the vertical amplifier to reproduce 
waveforms with minimum distortion. 


37. True—This avoids loading the test circuit and reduces distortion. 


38. (b) 180° out-of-phase.—Q, and Q, of Figure 11 form a phase inverter stage, 
and therefore, the signal voltages on their collectors are 180° out-of-phase. 


39. Positioning control. 

40. Horizontal amplitude control, horizontal gain control or width control. 

41. (b) less than the gain of the vertical amplifier.—Because the signal applied 
to this circuit is usually larger than that applied to the vertical input 


circuit, less gain is required to sweep the beam horizontally across the 
screen. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


ok. 


52. 


53% 


54. 


Son 


56. 


To overcome frequency discrimination due to the input capacitance of the 
amplifier. 


False—A source follower does not provide a voltage gain. The purpose of 
Q, is to prevent loading of the test circuit, and also to reduce the effects of 
shunt capacitance. 


True 
(b) sawtooth. 
(b) cut off. 


The frequency would decrease.—If R, is set to a higher value, the 
sawtooth-forming capacitor must discharge through a higher resistance. 
This means it will take longer to discharge to where Q, cuts off, and there 
will be fewer sawtooth waveforms per second (lower frequency). 


True—Capacitor C, discharges slower than it charges to produce the 
rising portion of the sawtooth during the time that Q, is cut off. 


(c) horizontal sweep generator. 


False—The horizontal sweep generator provides the sawtooth for the 
horizontal deflection plates. The sync signal merely keeps the generated 
sawtooth from drifting in frequency and phase. 


To control the amount of sync voltage applied to the sweep generator.— 
The sync amplitude control should be advanced just far enough to hold the 
pattern stationary on the screen. Too strong a sync signal can trip the 
generator erratically and cause a highly distorted pattern on the screen. 


(a) increase.—At the position shown in Figure 21, the input signal is 
attenuated by a factor of 100. At position 2 of SW, the attenuation factor is 
1. That is, the full input signal is applied to Q,. 


True 


SW io. serves as the coarse frequency switch. R,.) is the fine frequency 
control. 


R,9,.—This potentiometer serves as a horizontal amplitude (width) control, 
and thus determines the amplitude of the sweep signal applied to the 


horizontal deflection plates. 


R.o7.—This potentiometer varies the dc base voltage at Q.¢, which changes 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


SI 


58. 


ae. 


60. 


61. 


62. 


63. 


the operating point of Q.,,. This changes the dc voltage on the deflection 
plate connected to Q,,,, causing the trace to shift horizontally. 


(b) focus control. 


Negative.—The voltage doubler circuit provides a negative output voltage 
for the bleeder network of resistors R,,., Rij3, Ri;4 and R53. The control 
grid of V, returns through R,,, to the output of the voltage supply, which is 
the most negative point in the circuit. 


A known voltage is applied to the vertical input terminals, and the vertical 
gain controls are adjusted to produce a pattern of some convenient 
amplitude. Once the scope is calibrated, unknown voltages can be deter- 
mined by measuring the amplitudes of the patterns they produce on the 
screen and comparing these amplitudes to that produced by the known 
voltage signal. 


False—The unknown frequency is normally applied to the vertical input 
and the known frequency is applied to the horizontal input. 


9000 Hz.—There are three loops touching the X-X line, and two loops 
touching the Y-Y line. The vertical frequency is 


>) 


f, = 6000 x 
2 


= 9000 Hz. 


(A) 45° or 315°; (B) 180°. 


An oscilloscope shows the waveform of the signal under test. Any 
distortion in the wave is readily seen on an oscilloscope. 
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1, A-INACRT, THE SECTION THAT SUPPLIES THE ELECTRONS, FORMS THEM INTO A BEAM, 
DIRECTS THEM TOWARD THE SCREEN AND ACCELERATES THEM SO THAT THEY HIT THE SCREEN 
AT A HIGH VELOCITY IS CALLED THE -- ELECTRON GUN, 

The deflection plates control the position of the beam, The focusing anode and control grid are elements 


of the electron gun, 


2. C- TO SHIFT THE POSITION OF THE ELECTRON BEAM IN AN ELECTROSTATIC DEFLECTION 
CRT, VARYING ELECTRIC POTENTIALS ARE APPLIED TO THE -- DEFLECTION PLATES, 

The aquadag coating collects electrons after they have struck the screen; the cathode supplies the electrons 
for the beam; and the accelerating anode accelerates the electrons, 


3, D- WHAT IS THE DEFLECTION SENSITIVITY IF A DEFLECTION VOLTAGE OF 3 VOLTS CAUSES 
THE SPOT TO MOVE A DISTANCE OF 0,3 INCH ON THE SCREEN OF A CRT? -- 0,1 INCH PER VOLT, 
Deflection sensitivity is equal to 


Deflection Distance 
Deflection Voltage 


«3 inch 
~ 3 volts 


Deflection sensitivity = 


= 0,1 inch per volt 


4, C- THE VOLTAGE DEVELOPED BY THE HORIZONTAL SWEEP SECTION IS APPLIED TO THE -- 
HORIZONTAL AMPLIFIER SECTION, 

The horizontal sweep section develops a sawtooth voltage that must be amplified before being applied to 
the deflection plates, 


5. B- IN MOST OSCILLOSCOPES, THE BRIGHTNESS OF THE IMAGE ON THE SCREEN IS VARIED BY 
CHANGING THE DC VOLTAGE BETWEEN THE -- CATHODE AND CONTROL GRID, 

The screen brightness is determined primarily by the number of electrons striking the screen which, in 
turn, is controlled by the grid-cathode bias voltage, 


6. A - THE HORIZONTAL SWEEP SECTION OF FIGURE 8 GENERATES -- A SAWTOOTH VOLTAGE, 
The purpose of the horizontal sweep section is to generate a waveform that, when amplified and applied 
to the horizontal deflection plates, causes a relatively slow but linear trace and a relatively fast retrace. 
A sawtooth waveform fulfills these requirements. 

7. 2B- IN FIGURE 21, THE INTERNAL SYNC SIGNAL IS OBTAINED FROM THE -- VERTICAL 
AMPLIFIER SECTION, 

The internal sync signal is always obtained from the vertical amplifier section, 


8. D- AN OSCILLOSCOPE IS CALIBRATED BY APPLYING 2 VOLTS PEAK-TO- PEAK TO THE 
VERTICAL INPUT AND ADJUSTING THE CONTROLS TO PRODUCE A DEFLECTION OF 4 CENTIMETERS, 
WHAT IS THE PEAK-TO-PEAK VALUE OF A TEST SIGNAL APPLIED TO THE VERTICAL INPUT THAT 
CAUSES A DEFLECTION OF 10 CENTIMETERS? -- 5 VOLTS, 

Since 2 volts causes 4 centimeters of deflection, the calibration is 2 centimeters per volt, Therefore, 

10 centimeters of deflection is produced by 5 volts, 


9. A- THE CONTROLS OF AN OSCILLOSCOPE ARE SET SO THAT THE HORIZONTAL SWEEP 
GENERATOR IS OPERATING AT 1000 Hz; A TEST SIGNAL IS APPLIED TO THE VERTICAL INPUT, AND 
4 CYCLES OF THIS SIGNAL APPEAR ON THE SCREEN, WHAT IS THE FREQUENCY OF THE TEST 
SIGNAL? -- 4000 Hz, 

The frequency of the test signal is equal to the sweep frequency multiplied by the number of cycles, Thus, 
1000 x 4 = 4000 Hz, 


10. C - TWO SINEWAVES OF EQUAL FREQUENCY ARE APPLIED TO THE VERTICAL AND HORIZONTAL 
INPUT TERMINALS OF AN OSCILLOSCOPE, IF THE PATTERN ON THE SCREEN IS A CIRCLE, WHAT 

IS THE PHASE ANGLE BETWEEN THE TWO SINEWAVES? -- 90°. 

In order to produce a circle on the crt screen, it is necessary that the two signals be phase separated by 
90° or iby 2107., 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


‘Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A pulley is a 


LESSON CODE OM po | 


SS (A) young hen. (B) railroad car. 


B 
7425A : == (C) heating apparatus. (D) mechanical device. 


In a crt, the section that supplies the electrons, forms them into a beam, directs them toward the screen 
and accelerates them so that they hit the screen at a high velocity is called the 
(A) electron gun. (B) deflection plates. (C) focusing anode. (D) control grid. 


To shift the position of the electron beam in an electrostatic deflection crt, varying electric potentials are 
applied to the 
(A) aquadag coating. (B) cathode. (C) deflection plates. (D) accelerating anode. 


What is the deflection sensitivity if a deflection voltage of 3 volts causes the spot to move a distance of 0.3 
inch on the screen of a crt? 
(A) 10,000 inches per volt. (B) 1.0 volt de per inch. (C) 0.9 inch per volt. (D) 0.1 inch per volt. 


The voltage developed by the horizontal sweep section is applied to the 
(A) crt electron gun. (B) vertical amplifier section. (C) horizontal amplifier section. (D) power supply 
section. 


In most oscilloscopes, the brightness of the image on the screen is varied by changing the dc voltage between 
the 

(A) focus anode and accelerating anode. (B) cathode and control grid. (C) control grid and focus anode. 
(D) vertical deflection plates. 

The horizontal sweep section of Figure 8 generates 

(A) a sawtooth voltage. (B) a sinewave voltage. (C) the vertical deflection voltage. (D) an external sync 
signal. 


In Figure 21, the internal sync signal is obtained from the 

(A) crt filament. (B) vertical amplifier section. (C) horizontal amplifier section. (D) high-voltage power 
supply. 

An oscilloscope is calibrated by applying 2 volts peak-to-peak to the vertical input and adjusting the 
controls to produce a deflection of 4 centimeters. What is the peak-to-peak value of a test signal applied to 
the vertical input that causes a deflection of 10 centimeters? 

(A) 2 volts. (B) 1 volt. (C) 25 volts. (D) 5 volts. 

The controls of an oscilloscope are set so that the horizontal sweep generator is operating at 1000 Hz. A test 
signal is applied to the vertical input, and 4 cycles of this signal appear on the screen. What is the frequency 
of the test signal? 

(A) 4000 Hz. (B) 250 Hz. (C) 1000 Hz. (D) 4 Hz. 

Two sinewaves of equal frequency are applied to the vertical and horizontal input terminals of an 
oscilloscope. If the pattern on the screen is a circle, what is the phase angle between the two sinewaves? 
(A) 0°. (B)'60°, (C):90°. (BD) 120°. 
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IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


‘Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A pulley is a 


LESSON CODE OT cen 


i (A) young hen. (B) railroad car. 
. = (C) heating apparatus. (D) mechanical device. 


In a crt, the section that supplies the electrons, forms them into a beam, directs them toward the screen 
and accelerates them so that they hit the screen at a high velocity is called the 
(A) electron gun. (B) deflection plates. (C) focusing anode. (D) control grid. 


To shift the position of the electron beam in an electrostatic deflection crt, varying electric potentials are 
applied to the 
(A) aquadag coating. (B) cathode. (C) deflection plates. (D) accelerating anode. 


What is the deflection sensitivity if a deflection voltage of 3 volts causes the spot to move a distance of 0.3 
inch on the screen of a crt? 
(A) 10,000 inches per volt. (B) 1.0 volt de per inch. (C) 0.9 inch per volt. (D) 0.1 inch per volt. 


The voltage developed by the horizontal sweep section is applied to the 
(A) crt electron gun. (B) vertical amplifier section. (C) horizontal amplifier section. (D) power supply 
section. 


In most oscilloscopes, the brightness of the image on the screen is varied by changing the dc voltage between 
the 

(A) focus anode and accelerating anode. (B) cathode and control grid. (C) control grid and focus anode. 
(D) vertical deflection plates. 

The horizontal sweep section of Figure 8 generates 

(A) a sawtooth voltage. (B) a sinewave voltage. (C) the vertical deflection voltage. (D) an external sync 
signal. 


In Figure 21, the internal sync signal is obtained from the 

(A) crt filament. (B) vertical amplifier section. (C) horizontal amplifier section. (D) high-voltage power 
supply. 

An oscilloscope is calibrated by applying 2 volts peak-to-peak to the vertical input and adjusting the 
controls to produce a deflection of 4 centimeters. What is the peak-to-peak value of a test signal applied to 
the vertical input that causes a deflection of 10 centimeters? 

(A) 2 volts. (B) 1 volt. (C) 25 volts. (D) 5 volts. 

The controls of an oscilloscope are set so that the horizontal sweep generator is operating at 1000 Hz. A test 
signal is applied to the vertical input, and 4 cycles of this signal appear on the screen. What is the frequency 
of the test signal? 

(A) 4000 Hz. (B) 250 Hz. (C) 1000 Hz. (D) 4 Hz. 

Two sinewaves of equal frequency are applied to the vertical and horizontal input terminals of an 
oscilloscope. If the pattern on the screen is a circle, what is the phase angle between the two sinewaves? 
(Ay 2(By 60" (C)90"..( DY 120°. 
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Digital electronic displays are being used extensively in all areas of electron- 
ics. The accuracy of the test or measurement equipment, such as this digital 


thermometer, is greatly improved by using a digital display rather than 
analog-type meters. 


Courtesy Hewlett Packard Co. 
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You cannot depend on your eyes 
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ELECTRONIC DISPLAY DEVICES 


Expanding technology and considerable research in the vacuum tube and 
semiconductor fields have introduced a new form for displaying measured 
quantities. The new form involves a device known as a digital display. A 
digital display, like the one shown in Figure 1A, provides an extremely 
accurate indication of the measurement, which is much easier to read than 
the analog type of meter shown in Figure 1B. The digital display shows the 
value of the measurement as a group of numerals or digits. This type of 
display is also commonly referred to as a digital readout, digital indicator, or 
digital panel meter. 


Digital displays have opened the door for the development of highly 
accurate measuring equipment such as the digital multimeter shown in 
Figure 1A. Measurement accuracy of .01% to .001% of full-scale indication 
is a result of the superior circuits used in the digital multimeter. The 
measurement accuracy of the multimeter shown in Figure 1B ranges from 
3% to 1% of full-scale deflection, at best. I iti measure t 
accuracy, another advantage of the digital multimeter is accuracy of the 
reading. The operator simply reads the numerals being displayed (Figure 1A) 
and does not have to estimate the value of the reading by the position of the 
pointer (Figure 1B) when it lies between the scale lines of the meter. 


The digital display of Figure 1A consists of four single-digit displays or 
readout devices. Generally speaking, there are four classes of display 


devices which are commonly-used. These display devices may be classified 
echanical, light transfer, light emitting and cathode ray tube (CRT). In 
this lesson, we will study at least one display device from each of these 


classes. 


MECHANICAL DISPLAYS 


A common mechanical display is the odometer in an automobile. It consists 
of six wheels, with numerals 0 through 9 on each wheel, which indicate the 
number of miles that the automobile has been driven. A similar display 
device, shown in Figure 2, is used in a tape recorder to count the number of 
revolutions completed by the tape reel. The three-digit display is driven by 
the counter belt. This belt moves as the tape reel of the recorder rotates and 
drives the counter pulley. The worm gear is connected to the shaft of the 
counter pulley and rotates with the pulley. As the worm gear rotates, it 
drives the display driver gear. This gear is attached to the units display and, 
when it rotates, the units display also rotates. With the counter belt rotating, 
the gears drive the units display to show the numerals 0 through 9. When the 
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count of nine is reached, the index teeth (shown on the tens display) engage 
the index gear. As the units display continues to rotate, the numeral 0 BUTTON 
appears. Simultaneously, the tens display advances one number (in arith- 
metic, this operation is generally called “the carry’). When the count of nine 
is reached on the tens display, the next index of the tens display resets it to 0 
and advances the hundreds display by one number. 


The mechanical counter and display of Figure 2 can be replaced by elec- 
tronic circuits and digital display devices. The remainder of this lesson will 
describe the various types of electronic displays that are commonly used. 


INDEX — INDEX 
TEETH GEARS 


COUNTER BELT 
COUNTER PULLEY 


LIGHT TRANSFER DISPLAYS : 
Figure 


2 


The most co lay device is the rear projection 
readout. The operation of this device is much the same as a slide projector. 
Figure 3 shows the construction of a rear projection readout device. Ten 
lamps allow the display of the numerals 0 to 9. The light from each of the 
incandescent lamps passes through a particular set of holes in the two light 
masks. These masks prevent the light from scattering and illuminating more 
than one numeral of the character mask. When light strikes the character 
mask, it passes through the transparent numeral of the mask and projects the 
numeral shape on the screen. This numeral shape is properly focused as it 
passes through the focus mask. ICANDE SCENT | LIGHT MASKS SCREEN 


In Figure 3, the projection readout is shown displaying the numeral 3. If the 
numeral 6 must be displayed, the lamp for the 3 display must be turned off 
and the lamp which is used for the 6 display must be turned on. The light 
from that lamp shines through a different set of holes in the light masks, 
through numeral 6 of the character mask, through a different lens in the 
focus mask, and the 6 is displayed in the center of the screen. The individual 
lamps operate from external control circuits, which permit selection of the 


proper character for display. CHARACTER FOCUS MASK 
Figure 
The character that occupies each position of the character mask may be a ie} 


numeral, a letter, a word or a message. This type of readout is particularly 
useful for displaying the units of measurement, such as volts, amps, ohms, 
rpm, etc., which are displayed by a panel meter. 


One of the advantages of this type of display is that itis visible from srealer 
a, i Log 
these displays usually are long-life Tamps. Furthermore, the color of the 
display can bs Changed to sult the observer by placing a color filter over the 


screen. 
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This digital clock uses incandescent segment displays which 
produce a very bright readout that is readable in very high 
ambient light conditions. 


Courtesy RCA Corporation 


The greatest disadvantage of the projection rea isi j ize. The 


readout shown in Figure 3 is 6 inches long, 4 inches high and 3 inches wide. 
However, the size does vary, depending upon the required character size. 
For a larger character display, the length of the case must be increased. 
An isadvantage of this type of display is its limited display rate. The 
display rate is stest rate at which the di € changed from one 
character to another. The display rate is limited by the time required to heat 
the filament of one lamp so that it emits light, plus the time required to cool 
the filament of the other lamp so that no light is emitted. The average display 
has a typical display rate of five character changes per second. Finally, if a 
lamp is replaced, the new lamp may be brighter than the others. This causes 
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one numeral to be displayed with greater intensity than the remaining 
numbers. 


LIGHT-EMITTING DISPLAYS 


A variety of known substances emit light when excited by an appropriate 
signal source. Examples of light-emitting substances are certain types of 
gases such as neon, the metal filament of an incandescent lamp, phosphor- 
coated electrodes, and the gallium arsenide phosphide (GaAsP) and gallium 
phosphide (GaP) compounds which are used in light-emitting diodes. We will 
now examine some typical light-emitting displays. 


Gas Discharge Displays 


O idely used gas discharge di is the Nixie tube, manufactured by 
Burroughs Corporation. The Nixie tube contains ten cathodes, one for each 
numeral, 0 through 9, as shown in Figure 4. Note that a pin is connected to 
the bottom of each cathode. These pins protrude from the bottom of the 
assembled tube envelope. Figure 5A shows the front view of an assembled 
tube. Notice that all of the cathodes appear to be sandwiched together. The 
side view, Figure 5B, shows that the cathodes are actually placed behind one 
another inside the glass envelope. Because each cathode is in a different 


plane (one behi : ixie tube is a MUL NAR DEVICE. 


Cold cathode, gas discharge displays come in a variety of 
arrangements such as this seven-segment readout. 
Courtesy Alco Electronic Products, Inc. 
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ELECTRONIC DISPLAY DEVICES 


FRONT | fi 4. 


IONIZED 
GAS 


Figure 5C shows the tubular anode that completely surrounds the cathodes. 
The rear portion of the anode is solid, while the front half of the anode is a 
fine wire mesh which allows the observer to see the number being displayed. 


The operation of the Nixie tube is quite simple. The cathodes are enclosed in 
the glass tube envelope, which is filled with neon. The cathodes have no 


filaments to heat them; therefore, the Nixie is referred to as t rde 
display device. The anode is connected to a positive at can range 


from +120V dc to +200V dc. Through a switching arrangement, this 
constant current supply is then connected to the proper cathode to display a 
particular numeral. With both anode voltage and cathode current present, an 
electric field is created between that cathode and the anode. This electric 


field causes IONIZATION of n which is closest to the surface of the 
cathode. The ionized neon then emits light, as shown in igure 5D. If more 


current were applied to the cathode, more of the neon would be ionized and 
the display would appear to be brighter. 


Rr 


SoS; So S3|S4 S5|S¢ S7 Sg|Sg =a 
e e e U e O O e ° C) a. BB 
i? OP Ne Gee - 
Figure 6 


A simplified schematic of the multiplanar Nixie tube is shown in Figure 6. In 
practice, Ex is actually a regulated dc power source for the Nixie display. 
The resistor (R,) controls the cathode current and the operating voltage 
across the tube. When switch S, is closed as shown, current (Ix) is through 
the numeral 2 cathode; ionization of the neon occurs and the numeral 2 is 
displayed. 


When compared to other types of displays, the gas discharge display offers 
an advantage of relatively low cost. Also, each numeérari isplays is well 
defined and easily recognized. The display also has an extremely long life 
expectancy. Some of the original Nixie tubes manufactured in the middle 


50°5 are-still in operation. Finally, the device has a very fast display rate. 
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One of the disadvantages of s discharge display is the cost of the 
power supply. The power supplies used in most modern test and digital 


instruments are low-voltage circuits (5V dc to 24V dc); therefore, the extra 
cost of the additional supply (Eg, of Figure 6) is a disadvantage. Also, failure 
of a cathode prevents display of its associated numeral. Another dis- 


advantage is the limited viewing angle caused by the multiplanar construc- 
“tion. The obsérvér must be directly in front of the display to read each digit. 


“The physical size of the tube is another disadvantage because it occupies 
more space than some other displays. When a gas discharge display is used 
in a sensitive receiver, another disadvantage occurs which, in other applica- 
tions, might not be noticed. The ionization of the neon creates r-f_noise, 


which may cause noticeable electrical interference i “proper shielding is not 
used. Orange-red is the only available color_of this display. 
a aa a a ae ea a ee = age 


Incandescent Segment Displays 


INCANDESCENCE,,the operating principle of the incandescent lamp, is the 
basis for several currently available displays. One such display uses a 
number of filaments (called display segments), arranged to display any 
numeral from 0 through 9, as shown in Figure 7. Shown are seven display 
segments which are controlled by external circuits. Each segment emits light 


Multiple-digit, seven-segment LED displays conserve space, 
reduce cost and may have more than one diode junction per 
segment. 


Courtesy Litronix, Inc. 
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Figure 


ELECTRONIC DISPLAY DEVICES 


when connected to an appropriate voltage source. Depending on the 
manufacturer, this voltage, called the segment voltage, may range from 2V 
ee mao dc to 5V dc. The display is normally packaged in an evacuated envelope 
A, B, G, C AND D (vacuum tube) to prevent the filaments from readily burning out. 
ae a ee 
5 be 
[a FB AND 6 By lighting the proper display segments, numerals are formed and displayed. 
For example, the numeral 0 is formed by lighting display segments A, B, C, 
= aR AS D, E and F. The numeral | is formed by lighting display segments B and C. 
Figure The numeral 2 is formed by lighting display segments A, B,G, E and D. The 
8 display segments which must emit light to form each numeral are listed in 
Figure 8. 
dB 2 


ay rate for this type of display can be increased by maintaining a 
2 age _across—each—display segment that is not used. The-display 
segments are represented by the incandescent lamps labeled F, through Fg, 
as shown in Figure 9. Resistors R, through Rg maintain a small voltage 


across each unused display segm ue t ss tha quired 
_for_incandescenceé: a numeral is selected for display, the limiting 
resistor for each segment required to display that numeral is shorted by the 


appropriate switch and those segments emit light. For the conditions shown ; 
in Figure 9, the numeral 1 is displayed. © 


+5V 


Figure 9 


This type of display has a life expectancy of approximately 100,000 hours. é | 
An advantage of this display over the gas discharge display is that an j 
ee ee 
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additional high-voltage power-supply is not required. Another advantage is 
that this display will operate over a wide temperature —50° C to +125° 
Cy- Hecase the display is canstucted ira single plane, itis referred toasa 
PLANAR display. When this type of display is used, the observer does not 
have to stand directly in front to view each digit (as required with the 


multiplanar display). Also, this display is very bright and may be viewed 
easily even in direct sunlight. 


A disadvantage of this type of display (as with any segment display) is that if_ 


a_particular segment fails (burns out), an incorrect numeral may_be dis- 


played. For instance, if an 8 is selected for display, all filaments must be lit. ANODE 
However, if the G segment of Figure 7 were burned out, a 0 would be 


displayed instead of an 8. 
BACKING 


Fluorescent Segment Displays FILAMENT 


The elements of the fluorescent segment display are sealed in a glass GLASS 
envelope like the gas discharge and incandescent displays previously q ENVELOPE 
discussed. Figure 10 shows the basic construction of the fluorescent display. 
The display consists of seven phosphor-coated anodes which are placed on 1 
the backing material in the conventional, planar, seven-segment arrange- Figure 
ment. A very thin, almost invisible, filament wire is placed between the 10 
anodes and the observer. 


The operation of this display is quite simple. The filament is heated by a 
supply voltage (generally 1.5V dc) almost to the point of incandescence so 
that it remains invisible. When a numeral is selected for display, an external 
circuit switches a positive voltage (12 to 25V dc) to the proper segments, or 
anodes. Electrons emitted by the heated filament are attracted toward the 
anodes. As the electrons strike the phosphor covering the anode, it 
fluoresces or emits light. By applying the proper voltage to various seg- 
ments, the numerals 0 through 9 can be displayed. 


An advantage of this type of display is the natural_color-ofthe-fluorescen 

display, a soft bluish green. By using the proper light fiters,the display can 
be filtered-te-obtain almost any color except deep red. The expected life of a 
fluorescent display is approximately 20,000 hours, at which time the 
brightness is about half that of a new display. However, the display may still 


be readable far beyond this half-bright life figure. One problem With this tyPe 
f display is that OPTICAL HOT SPOTS may be formed on the segments. 
Sur eteor ie Beenie ne Patt ola segmenithen appears brighter Urarthe res 


of the segment. 
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Light-Emitting Diode Displays 


A previous lesson described the basic operating characteristics of the 


light-emitting diode (LED). Gallium arsenide (GaAs) diodes it near- 
infrared rays (often called infrared lightyand therefore cannot be used ft 


senneee-eamertiie 


a_digital display. For this reason, phosphorus is added e gallium and 
arsenide elements to | orm a gallium arsenide phosphide (GaAsP) display 
which emits rays in the Visible-spectrum. A compound oF gallium and 
phosphorus (Ga ing more widely used as an LED material 
because of its advantages of efficiency and color variety. 


METALLIZED 
CONTACT 


N-TYPE 
GaAsP 
SUBSTRATE 


Figure 11 


ee but they may be constructed in many 
different configurations and sizes. The most basic form of an integrated 
circuit, seven-segment LED display is shown in Figure 11, Each segment is a 
PN diode junction that emits light when forward biased. The N-type material 
forms the substrate or base material. The P-type material is diffused into the 
substrate. Each P-type segment has a metalized contact to which external 
leads are bonded. This configuration, along with the external control circuit 
for the display, is shown schematically in Figure 12. Switches S, through S, 
provide control for the segments which are to be lit. As shown, S, and S- are 
closed, diode segments B and C are forward biased by battery V,, and both 
segments emit light. In Figure 11, when segments B and C emit light, the 
numeral 1 is displayed. By controlling the amount of forward current (I;), 
the amount of light emitted by a segment may be effectively controlled. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


10. 


we 


12. 


aS. 


MECHANICAL DISPLAYS 


LIGHT TRANSFER DISPLAYS : 


LIGHT-EMITTING DISPLAYS 


GAS DISCHARGE DISPLAYS 


INCANDESCENT SEGMENT DISPLAYS 


. An extremely accurate indication of a measurement is characteristic of a 


(a) digital display, (b) analog meter. 


. In addition to accuracy of the measurement, what other advantage does 


the digital multimeter of Figure 1A offer? 


. What are the four classes of display devices? 


. When the units display of Figure 2 indicates the numeral 9, what happens 


when the next index of the units display occurs? 


. What function does the character mask of Figure 3 serve? 


. The projection readout device can only display numerals or letters. True 


or False? 


. A disadvantage of the rear projection readout is that it has a very limited 


viewing distance. True or False? 


. Name three light-emitting substances. 


. The Nixie tube has ten cathodes, each formed in the shape of a numeral, 


which are placed behind one another, and is therefore called a 

The fine wire mesh located between the cathodes and the observer is part 
of the Nixie tube’s 

For the cold cathode display of Figure 6, the current through R, is also 
through the proper cathode. This current then heats the cathode to 
produce light and display the numeral. True or False? 


What color of light is emitted by the Nixie tube? 


A disadvantage of the gas discharge display is the high voltage required for 
its operation. True or False? 
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14. 


LD: 


16. 


The seven filaments of the incandescent display of Figure 7 are called 


To display a numeral, the incandescent readout uses what principle o 
emitting light? 


There is a possibility of an incorrect display with any seven-segment 
readout device if one of the segments malfunctions. True or False? 


Figure 12 


The or of the light emitted b D display is c 


led-by the 
amounts of gallium, arsenic and phosphorus used. To produce a red, orange, 
amber or yellow light requires a different combination of the diode materials. 


Most commonly available displays emit red light because one readily 


available GaAsP mixture operates most efficiently (greatest light intensity 
output for a given forward current) in this region of the visible spectrum. 
Recently, researchers found that a gallium phosphide (GaP) compound 
could be processed into an LED that emits green light. Green is not the only 
color of light this combination can produce. By varying the amount of 
phosphorus in the compound, LED’s that emit yellow light or red light can 
be produced. 
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Figure 13 
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Most electronic displays have an extra element, in this case 
an LED, to light the decimal point. 


Courtesy Litronix, Inc. 


Figure 13 shows the light spectrum in which is plotted the response curve for 
the human eye and the characteristic emission curves of various types of 
LED’s. The end of one color and the beginning of the next color in the 
visible portions of the light spectrum are not clearly defined lines as the 
graph shows. Rather, they are regions where the colors overlap and mix, 
such as between yellow and red where amber and orange appear. 


The peak response of the human eye to light is at a wavelength of .56 wm (.56 
x 10~® meters). (A ym is a unit of measure, called a micrometer, for the 
wavelength of light.) The .56 1m wavelength is in the green region. The most 
efficient LED is the GaAsP diode that emits light at a wavelength of .66 um. 
However, the response of the human eye to red light is rather poor. 
Therefore, LED’s emitting green light and LED’s emitting red light appear to 
have similar brightness, even though the red-emitting LED is actually 
emitting more light. 


sP LED exhibits ionship between forward curr 


light out ight outpnt-Hawavar- because the Gab LED saturates aul and its light 


output remains constant for increases in in forward current the li = 


ship do for the GaP devices. 
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Soa SRE es so are compatible with modern test 
equipment. The LED display is not as fragile as most other displays and it 
operates over a widé temperature range. The LED display is easy to read. 
Because it is a planar display, the observer does not have to stand directly in 


front of the display to read it. LED displays are available in a wide variety of 
sizes, which make them adaptable to many applications. 


LIQUID CRYSTAL DISPLAYS 


The Higuid crysta” splay (Ee) s _unique_because_it does not emit _or_ 

roject light for the dis: display e) a numeral.“ The LEDasa: dynamic | light 
scattering device requiring an in external light. ‘source for-its-reflective_and. 
transmissive modes of operation. ‘In the he reflective mode, the LCD reflects 
ambient light (the external light source)-in the form n_ of the -numerat-being 
displayed. To operate the LCD in the transmissive mode, a lamp is mounted 
behind the display and its light is transmitted through the display in the form 


of the numeral. 


The operation of the dynamic scattering LCD will be easier to understand 
after examining its construction, as shown in Figure 14. The backplate of the 
device, as shown in Figure 14A, supports a transparent electrode. A material 
which serves as a spacer between the backplate and the faceplate is also 
placed on the backplate. Seven electrodes are placed on the transparent 
glass faceplate of Figure 14B in the now familiar seven-segment arrange- 
ment. Each electrode is transparent so that ambient light passes through it 
when the LCD is not displaying a numeral. Figure 14C shows the side view 
of the assembled, seven-segment liquid crystal display. For a reflective 
mode LCD only, the backplate is coated with a black substance which 
absorbs light. Figure 14C also shows that the backplate and the faceplate are 
sealed by the spacer. Although it serves as a seal when the display is 
assembled, this spacer provides an area between the two plates for the liquid 
crystal material. The liquid crystal material which is placed between the 
backplate and faceplate is transparent to allow ambient light traveling 
through the faceplate to strike the backplate where it is absorbed by the 
black coating. With no excitation applied to the electrodes, the display will 


appear to_be black. f ap Aaaten hy dea eee 


pets. display a an excitation signal is applied to the backplate 


electrode and the proper segment electrodes to create an electric field. 
Because ee ee ee ee the excitation signal is 
usually ac on the order of | to 15 volts When an electric field is created, the 
molecules of the liquid crystal_which are inthe electric_field_become 
turbulent and reffé ambient light. All unactivated segments or areas 
appear black, while all activated’segments scatter the light toward the viewer 
Gs a iTOr Wontdy- and These SSGHEnTS appear to be brighiy ic —OSS 
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Figure 
13 


Because the light source for the reflective mode is ambient light, the only 
power used by this display is that required to develop the electric field 
between the electrodes, which causes the turbulence of the liquid crystal 
molecules. The current used by the display is approximately 1 wA/cm? of 
activated area of the LCD. Typically, a display would require 1 to 3 
microwatts of power per digit, as compared with tens or hundreds of 
milliwatts required by other displays. 


This extremely low power consumption of namic scattering LCD is a 


major advantage that makes it the only display capable of performing well 
under severe power restrictions One-appticatton-of the LCD Getecive 
mode) where the power restrictions are severe is in digital wrist watches 
which may operate for a year or more without a rie: change. Another 


important adVantaieen 


A a nc rey ITE ST that, at extremely low ambient light 
levels, the-display_is_almost unreadable. Also, the - temperature range over 
which the display operates efficiently is less than most other electronic 
displays. 


Figure 15 shows some of the differences between the reflective mode of 
LCD operation and the transmissive mode. To operate the dynamic scatter- 
ing LCD in the transmissive mode, a lamp is placed behind the display for 
use as the light source. Its light passes through the filter on the transparent 
backplate of the display. This filter is a light-directing film which acts like a 
venetian blind, allowing light to pass through it in only one direction. 
Therefore, when the display is in the unactivated state (no electric field 
between its electrodes), it will appear to be dark. 


When an electric field activates a portion of the liquid crystal, the light 
striking that portion of it will be scattered in all directions, as shown in 
Figure 15. Under this condition, the activated area appears to be brightly lit, 
while the unactivated areas remain dark. By controlling the segment 


electrodes which are excited by external circuits, the numerals 0 through 9. 
may be displayed. Because only a small portion of the light emitted by the 


lamp is scattered for display, the lamp must have a relatively high power 
rating (typically, 0.5 watt) as compared to other displays. 


ee spay ively slowly and therefore cannot 
compete with the LED display for applications requiring high display rates. 


anna 
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A typical display rate of a liquid crystal display is one character change per 


ALPHANUMERIC DISPLAYS 


An alphanumeric display, capable of displaying any letter of the alphabet, as 
well as any numeral from 0 to 9, is the GaAsP LED display shown in Figure 
16. This display consists of 35 LED junctions which are arranged in 7 rows 
and 5 columns. By applying a forward bias to the proper diodes, any of the 
alphabetic and numeric characters previously described can be displayed. 


SWITCHING 
NETWORK 


Figure 17 


The alphanumeric display is controlled by the complex switching network 
shown in Figure 17. The operation of this switching network will not be 
discussed in detail in this lesson. The switching network, however, provides 
forward bias voltages to the appropriate diodes of the display as determined 
by its input signal. This is accomplished by a process called SCANNING. 


ans that the diodes are turned on one column at a— 
time. When a column is scanned, all of the row Connections energize the 
proper diodes in that column. The next column is then scanned, etc., until all 


five columns have been scanned. After all of the columns have been 
scanned, the process is repeated. 
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Figure 18 


As an example of the scanning process, let’s assume that the numeral 7 is to 
be displayed. Figure 18A shows a simplified switching arrangement by which 
the scanning process can be simulated. Columns C, through C; (Figure 16) 
are connected to +V by switches S,, through S., (Figure 18A). Likewise, 
rows R, through R; (Figure 16) are connected to ground by R, and switches 
Sr, through Sz, (Figure 18A). The switches are all shown in the open 
position. 


The numeral 7 can be displayed by closing the switches in the sequence 
shown in the timing diagram of Figure 18B. At time t,, switches S,, and S,, 
simultaneously close and diode D, lights. At time t,, S,, and Sp, simulta- 
neously close and D, lights. At time t;, S., and Sz, simultaneously close and 
D; lights. At time t,, S;, and S,, simultaneously close and D, lights. At time 
ts, S,, and S,, through Sz, simultaneously close and D,; through D,, light. 
Each diode will be turned on for 2 milliseconds, for a total display repetition 
rate of 10 milliseconds. Thus, even though the display is flashing 100 times 
per second, it appears to have a continuous glow to the human eye. 


To illustrate the appearance of the letter P, Figure 18C shows the display 
with the proper diodes lit. These diodes are forward biased by using the 
scanning method. At time t,, switch S,, and all of the row switches 
simultaneously close to light all of the diodes in the first column. At time to, 
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Diode matrix devices are ideal for alphanumeric displays. 
Courtesy Dialight Corporation 


Sc,» Sp, and Sp, simultaneously close. At time t;, S¢,, Sp, and Sp, close. At 
time t,, S.,, Sp, and Sp, close. At time t;,S,., Sp, and Sp, close. By repeating 
this process 100 times per second, the display appears to be lit continuously. 


Some of the alphabetic characters must appear on the display differently 
than we are accustomed to seeing them in order to avoid ambiguity. For 
example, the number 8 could be mistaken for the letter B or vice versa. To 
prevent this, the characters are displayed as shown in the Appendix of this 
lesson. 


The alphanumeric di also cal dot matrix or diode array y display. 


Multiple-character diode array displays are used to display as many as 700 
characters of alphabetic and numeric information. The scanning method is 
also used with these larger diode arrays to display the information. 


CRT DISPLAYS 
When it is necessary to display a large information (5000 to 6000 
characters), the Cathode ray tube (CRT) is used. For example, you may have 
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observed your flight number, departure and arrival times, and boarding 
information displayed on a TV monitor at the airport. Among other 
important applications of the CRT are computer output displays. 


The size of the CRT could be as small as 3 inches or as large as 16 inches 
(measured diagonally), depending on the application. Generally speaking, 
3 to 7 inches operate using electrostatic deflection. CRT’s larger 
than i inches use an electroma netic 


SECOND ANODE 


TUBE BASE CATHODE 


DEFLECTION AQUADAG INTENSIFIER INTENSIFIER 
PLATES ANODE TERMINAL ANODE 


Figure 19 


A CRT using electrostatic deflection and focusing is shown in Figure 19. The 
heated cathode emits electrons when properly biased. These electrons are 
attracted to the first anode where the electrons are focused into an electron 
beam. As the electrons in the beam are speeded up by the very high potential 
on the second anode, the deflection plates deflect the electron beam 
horizontally and vertically across the screen of the CRT. The intensifier 


Se eT Lee 
e speeds up the electrons so that the ta very high velocity as 
the i creen and produce light. 


’s larger 7 inches use electromagnetic deflection and electrostatic 


«focusing, as shown in Figure in, the 
operation of this CRTT is the same as described for the CRT-of Figure 19 The 
yoke contains two coils which perform the same function as the deflection 
plates in the electrostatic s' system. m. However, electromagnetic deflection 

srr ee bent tiie pay Hic _GEnecuo 


— es 
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DEFLECTION COILS 


Figure 20 


offers an advantage in that the beam can be deflec ra greater screen 
area and Sti in in focus while produci ighter image. 


A CRT which is j hanumeric information is called a CRT 
readout or a monitor. The information whic é€ monitor receives 1s the 


output of a computer or other device which generates a signal representing 
the characters to be displayed. This signal also contains synchronizing 
signals which are used to synchronize the horizontal and vertical deflection 
circuits of the monitor with the incoming character signal. 


CHARACTER CHARACTER 


O 
CHARACTER AMPLIFIER AMPLIFIER 


INPUT ? (1) (2) 

VERTICAL VERTICAL 

OSCILLATOR AMPLIFIER 

SYNC 
CIRCUITS 
HORIZONTAL HORIZONTAL 
OSCILLATOR AMPLIFIER 
Figure 21 
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The multiple-digit, cold cathode, gas discharge display re- 
duces the cost per digit and size requirements of the display. 
Courtesy Amperex Electronic Corp. 


The character signal is applied to the character input terminals of the 
monitor, as shown in the block diagram of Figure 21. The input signal is 
amplified by two character amplifiers and applied to the control grid of the 
CRT. A sample of the imput signal is taken from the output of character 


amplifier (1) and fed to the sync circuits. The-syne-circuits obtain the vertical 
and horizontal_synchronizing_signals from the input signal to trigger the 
verticat and horizontal oscillators. Each oscillator produces a voltage having 
a waveform which causes sawtooth current in the output of the following 
amplifier stage. Thus, the vertical deflection circuit (vertical oscillator and 
amplifier) supplies a 60-Hz sawtooth of current, and the horizontal deflec- 
tion circuit (horizontal oscillator and amplifier) supplies a 15,750-Hz saw- 
tooth of current to their respective deflection coils or plates. 


As shown in Figure 21, the 60-Hz s es 
through the vertical deflection coils, and the i } 


ic fields which deflect the electron beam. _The  60-Hz-sawtoeth_waveform 
indicates icates the gradual rise and rapid fall of the vertical deflection current. 
During the long gradual rise, the eleciron beam-moves from the top to the 
bottom of the CRT. The beam returns very auickly to We top oF te screen 


during the sharp _fattof 


Several cycles of horizontal sawtooth current are represented by the 
15,750-Hz waveform. During each cycle, the beam moves from left-to-right 
to trace a line during each gradual rise of current. The beam returns quickly 
to the left side of the screen when the current falls sharply in the horizontal 
deflection coils. 


The vertical and horizontal sawtooth currents are synchronized with the 
incoming character signals which are applied to the control grid of the CRT. 
In this manner, the phosphor-coated CRT screen is scanned to produce a 
display of the character information. This scanning procedure is shown in 
the simplified sketch of Figure 22. 
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In Figure 22, the spot is shown having a greatly exaggerated diameter. The 
various positions of the spot are indicated by the circles such as those 
marked 1, 15, 3, etc., at the left edge and those marked 4, 16, 2, etc., at the 
right edge of the screen. In addition, the 11 scanning lines are numbered 
from the top to the bottom of the screen on the outside edges. The shaded T 
areas are the small parts of the screen not covered by the electron beam 
(scanning spot). 


Starting at position (1) in the upper left-hand corner, the scanning spot 
moves to position (2), tracing out the top scanning line number 1. During this 
left-to-right movement Iso travels downward for a distance equal 
to twice its diameter. RRR Tee Gay ftom onc 
tO position (3), it is ready to trace scanning line number 3, to position (4), 


having skipped line number 2. After moving to position (5), it scans lines 5,7, 
9 and the first half of 11 in order, having skipped lines 4, 6, 8 and 10. 


At the middle of line 11, which is position (12), the beam has reached the end 
of vertical deflection and is suddenly vertically retraced to position (13) at 


Unlike most display devices, the liquid crystal is more 
readable in bright ambient light conditions. 
Courtesy Alco Electronic Products, Inc. 
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This CRT readout and keyboard is one way in which man 
and computer may communicate. The monitor is used when 
many digits of information must be displayed. 

Courtesy RCA Corporation 


the top, where it completes the tracing of the eleventh scanning line. From 
position (13) to position (14), because the spot moves only halfway across 
the screen, it travels downward a distance equal only to its diameter. 
Therefore, retracing to the left side of the screen, it arrives at position (15) to 
begin scanning line number 2, which is in between the lines scanned 
previously. 


From position (15) to position (16), the spot traces line number 2 and again 
moves downward a distance equal to twice its diameter, so that retracing to 
position (17), it is ready to scan line 4. Similarly, lines 6, 8 and 10 are 
scanned, with lines 3, 5, 7 and 9 being skipped. Reaching the end of line 10 at 
position (24), the beam is again at the end of vertical deflection and so 
retraces to position (1) in the upper left-hand corner of the screen, ready to 
begin line 1 again. 


Thus, in this scanning arrangement, in order to trace out all of the lines one 
time, the beam spot completes 2 vertical cycles of deflection. This is called _ 
EL naa emits 
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interlace ning, and the screen of the CRT is actually traced 262'/, times 
horizontally for each vertical scan period, called a field. Thus, it takes 2 
fields to completely scan all the horizontal lines for a complete frame of 525 
ements I ee Pe. es ao 


~ 


< 


With this method of interlace scanning, as one set of lines of a field begins to 
diminish slightly in intensity, the second field is being traced_at maximum 
brilliance. This averages into an evenly i j 

icker is noticed. Incidentally, this is the same process used by the television 
receiver in your home. 


ignala 


lied to the control grid determines when the electron 


b is_emi e of the CRT. The de system 
determines where that beam stri of the CRT to produce light. In 


“this manner, a series of dots is traced horizontally on each line to form 


alphanumeric characters on the face of the CRT. This is similar to the 5 x 7 
LED array previously discussed. In fact, each character of the display is 
formed in a 5 x 7 dot matrix on most CRT displays. 


The multiplanar, gas discharge displays are used in many 
industrial control instruments because of the reliability of the 
display. 


Courtesy Electronic Counters and Controls, Inc. 
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As a practical example, a 9-inch (measured diagonally) picture tube is 
capable of displaying 14 lines of characters in the vertical direction (top to 
bottom), leaving a space equal in height to one line between each line. In the 
horizontal direction, this CRT is capable of displaying 63 characters per line. 
Therefore, the 9-inch CRT readout is capable of displaying 882 alphanumer- 
ic characters in 14 lines or sentences. 


In addition to the display of alphanumeric characters, the CRT readout is 
capable of displaying charts and graphs. For graphic displays, color picture 
tubes may be used to show several curves on the same graph. This readout 
device is the most flexible, in terms of application, of all the displays 
available today—This display device fs reliable and relatively inexpensive 


when considering cost versus number of digits displayed. 


SUMMARY 


There are many types of electronic display devices in use today and each is 
designed for a specific application. The considerations for each type of 
display are ambient light conditions, power ConsimptOh Feuat a am 
display. ac af the displays discussed in this lesson i 

therefore, the operation and terminology of each type should be thoronc ie 
understood. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


Le 


18. 


.. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


LIGHT-EMITTING DISPLAYS 
FLUORESCENT SEGMENT DISPLAYS 
LIGHT-EMITTING DIODE DISPLAYS 

LIQUID CRYSTAL DISPLAYS 

ALPHANUMERIC DISPLAYS 


CRT DISPLAYS 


Which element of a fluorescent display emits light? 


When forward biased, the GaAs_ diode emits 
light rays. 


Can a seven-segment LED have more than one diode junction per 
segment? 


What are the four colors which a GaAsP display may emit? 
What colors of light can be displayed by a GaP display? 


At what color of light in the visible spectrum is the response of the human 
eye greatest? 


Controlling the forward current through the diode junction controls the 
light output for either a GaAsP or a GaP device. True or False? 


Is the multiple-digit LED device a planar display? 
A liquid crystal display emits either red or green light. True or False? 
The electrodes of an LC display are transparent. True or False? 


The liquid crystal is transparent until it is acted upon by an electric field. 
True or False? 


The power requirement of the LCD is (a) high, (b) low, (c) extremely low. 


In the reflective mode, the liquid crystal display operates most efficiently in 
the dark. True or False? 


Even though the LCD requires very little power, it has an extremely low 
display rate. True or False? 
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Jl, 


32. 


33. 


34. 


35. 


36. 


JT. 


38. 


39. 


Alphanumeric characters are displayed on a diode matrix display using an 
external switching circuit which operates by the 
principle. 


In Figure 16, if the numeral 8 is displayed, and column C, is being scanned, 
which of the rows are also being scanned? 


Even though the scanning process causes a display to flash at the rate of 
100 times per second, the human eye cannot detect flashes at this rate and 
it appears to be continuously lit. True or False? 


An 11-inch CRT readout uses __- ———SSESSCSsSCSsS Selection 
O00 2d. FUCHS: 

The vertical deflection signal is a ________. Hz ____________ of 
current. 

The horizontal deflection signal is a _.____—- ~~» Hz _____———_ off 
current. 

With the interlace scanning method, each time the beam spot traces a 


horizontal line it has moved downward a distance equal to what? 


While the horizontal and vertical deflection systems are deflecting the 
beam spot to produce interlace scanning, how are the alphanumeric 
characters formed on the screen? 


The interlace scanning method produces a frame which is repeated 30 
times per second. True or False? 


ELECTRONIC DISPLAY DEVICES 


APPENDIX 
ALPHANUMERIC CHARACTERS 


The following figure shows the appearance of the alphanumeric characters 
as they appear in a S X 7 matrix or diode array. 
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ELECTRONIC DISPLAY DEVICES 


IMPORTANT DEFINITIONS 


INCANDESCENCE—The emission of visible light from a material caused by 
heating that material until it glows. 


IONIZATION—The process where a gas atom is broken into two parts; a 
free electron and positively charged ion. This process causes a “break- 
down” of the insulating characteristics of the gas, causing a gas-filled 
tube to be more conductive than a vacuum tube. 


MULTIPLANAR DEVICE—A device containing more than one element, 
with each element in a different vertical or horizontal plane. 


OPTICAL HOT SPOTS—An electronic display impurity in which a portion 
of the display is noticeably brighter than the rest of the display. 


PLANAR—A display in which all elements of the display are in a single 
plane, or flat surface. 


SCANNING—A display process in which the field of view is not simultane- 
ously illuminated, but the tiny display elements are illuminated, line by 
line, at a rapid rate to form an image. The scanning rate is so rapid that € 
the field of view appears to be illuminated continuously. ; 
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10. 


PRACTICE EXERCISE SOLUTIONS 


. (a) digital display. 
. Accuracy of the reading. 
- Mechanical, light transfer, light emitting, CRT. 


. The index teeth engage with the index gear and, as the units display 


rotates, the numeral 0 will appear on it while the tens display is advanced 
one digit. 


. It passes light in the image of a numeral to be displayed on the screen. 
. False—In addition, it can display a word or a message. 


. False—Depending upon the type of lamps that are used, it can be seen at 


viewing distances as great as 100 feet. 


. The metal used as the filament of an incandescent lamp, GaAsP and GaP 


compounds and gases such as neon. 


. multiplanar display 


anode 


. False—Since it is a cold cathode display, the cathode does not get hot. 


However, the current through the cathode ionizes the neon to display the 
numeral, 


. Orange-red. 

. True 

. display segments 

. Heating the proper filaments to the point of incandescence. 
. True 

. The phosphor-coated anode. 

. hear infrared 

~ 1es 

. Red, orange, amber or yellow. 


. Green, yellow, or red. 


ELECTRONIC DISPLAY DEVICES 


De VRY INSTITUTE OF TECHNOLOGY 

4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 1T430A 
= ONE OF THE EXAMINATION 
(Bette Howe ScHoo.s CHECK SHEET 


1, D- THE GAS DISCHARGE DISPLAY OPERATES ON THE PRINCIPLE OF -- IONIZATION, 
In a gas discharge display, the anode is connected to a high positive potential, When cathode current is 
present, an electric field is created and the neon closest to the cathode is ionized, producing the display. 


2, B-A DISPLAY WHICH GENERATES R-F NOISE AND CANNOT BE USED IN SENSITIVE RECEIVERS 
WITHOUT SPECIAL SHIELDING IS -- A GAS DISCHARGE, 

The ionization of the neon produces r-f noise which will cause interference with reception unless proper 
shielding is provided, 


3, A- IN FIGURE 7, WHICH SEGMENTS MUST BE LIT IN ORDER FOR THE NUMERAL SIX TO BE 
DISPLAYED? -- A, F, E, D, CANDG, 
This is the only combination which displays the numeral 6 according to Figure 8 of this lesson, 


4, D- A GaAsP MIXTURE CAUSES A DISPLAY TO EMIT RED LIGHT. A DISPLAY CAN EMIT GREEN 
LIGHT BY USING A MIXTURE OF -- GALLIUM AND PHOSPHORUS (GaP). 
This produces a GaP display which emits light at. 56um in the green region of the light spectrum, 


5, A- THE ONLY DISPLAY WHOSE EFFICIENCY INCREASES AS AMBIENT LIGHT INCREASES IS THE 
.- LIQUID CRYSTAL OPERATED IN THE REFLECTIVE MODE, 

The LCD depends upon ambient light for its display. As the ambient light increases, the display 
brightness and contrast increases, 


6. D- IN FIGURE 16 AND THE APPENDIX OF THIS LESSON, WHEN THE NUMERAL 8 IS DISPLAYED 
AND COLUMN C3 IS BEING SCANNED, WHICH OF THE ROW DIODES WILL BE FORWARD BIASED? -- 
R,, Rg AND R7. 

From the Appendix, when column C3 is scanned, the top, middle, and the bottom diodes are on, These 
diodes correspond to rows Rj, Ry and Rz. 


7, C- A FOUR-INCH CRT WOULD USE -- ELECTROSTATIC DEFLECTION AND ELECTROSTATIC 
FOCUSING, 

CRT's which are smaller than seven inches use this type of deflection and focus arrangement, CRT's 
larger than seven inches use the electromagnetic deflection and electrostatic focus arrangement, 


8, C- DURING THE LONG GRADUAL RISE IN THE HORIZONTAL SAWTOOTH DEFLECTION CURRENT 
FOR A CRT DISPLAY, THE BEAM IS DEFLECTED FROM -- EEE TO RIGHT: 

A rise in the horizontal sawtooth current deflects the beam from left to right and the rapid fall returns 

the beam to the left side of the CRT. 


9, C- DURING THE RAPID FALL OF THE VERTICAL SAW TOOTH CURRENT, THE BEAM MOVES 
FROM -- BOTTOM TO TOP, 

A rise in the vertical sawtooth current deflects the beam from top to bottom and the rapid fall of the 
current returns the beam to the top of the CRT, 


10, D- THE INTERLACE SCANNING METHOD PRODUCES A FRAME WHICH -- CONSISTS OF 525 
HORIZONTAL LINES. 

A field, consisting of 262 1/2 horizontal lines, is repeated 60 times per second, Two fields produce an 
interlaced frame consisting of 525 lines that is repeated 30 times per second, 


T430A @ 


1+)IU 


30 


QUESTIONS 


) IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 


errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: Perhaps the earliest rail car to combine 
Piso recobe . = a gasoline engine driving an electric generator was 
e = demonstrated in the Chicago area in 


(A) 1890. (B) 1910. (C) 1920. (D) 1930. 


1. : = The gas discharge display operates on the principle of 
. (= (A) fluorescence. (B) incandescence. (C) reflection. (D) ionization. 
2. = A display which generates r-f noise and cannot be used in sensitive receivers without 
c C)  Sspecial shielding is 
D CJ (A) an LED. (B) a gas discharge. (C) an incandescent. (D) a liquid crystal. 
ney 3. A GX In Figure 7, which segments must be lit in order for the numeral 6 to be displayed? 
bh re = (A) A, F, E, D, C and G. (B) F, E,D,C,B and G.(C) F,E,DandC.(D) A,F,E, 
nee D and C. 
A GaAsP mixture causes a display to emit red light. A display can emit green light by 
4. . = using a mixture of 
c — (A) GaAsP and increasing its phosphorus content. (B) GaAsP and decreasing its 
D phosphorus content. (C) GaAsP and increasing its arsenic content. (D) gallium 
ik and phosphorus (GaP). 
5. B el The only display whose efficiency increases as ambient light increases is the 
; = (A) liquid crystal operated in the reflective mode. (B) liquid crystal operated in 
the transmissive mode. (C) GaAsP LED. (D) GaP LED. 
6. A Cc. In Figure 16 and the Appendix of this lesson, when the numeral 8 is displayed and 
rd CS column C3 is being scanned, which of the row diodes will be forward biased? 
D aS (A) Ri, Ry and Rg. (B) Ry, Rs and R;. (C) Ry, R3 and Rg. (D) R,, R, and R,. 
7 ac A 4-inch CRT would use 
5 = (A) electromagnetic deflection and electrostatic focusing. (B) electromagnetic 
- fc) deflection and electromagnetic focusing. (C) electrostatic deflection and electro- 
static focusing. (D) electrostatic deflection and electromagnetic focusing. 
g. 4 <>) During the long gradual rise in the horizontal sawtooth deflection current for a CRT 
p _ display, the beam is deflected from 
D CI (A) top to bottom. (B) right to left. (C) left to right. (D) bottom to top. 
9. . = During the rapid fall of the vertical sawtooth current, the beam moves from 
;; c— (A) top to bottom. (B) left to right. (C) bottom to top. (D) right to left. 
r 10. 4 C2 The interlace scanning method produces a frame which 
:) . = (A) consists of 2621/2 horizontal lines. (B) is repeated 60 times per second. (C) is 
D a repeated 15,750 times per second. (D) consists of 525 horizontal lines. 


ELECTRONIC DISPLAY DEVICES 


PRACTICE EXERCISE SOLUTIONS (Continued) 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33: 


34. 


35. 


36. 


37; 


38. 


39. 


Green, which has a wavelength of .56 wm. 


False—The GaP device saturates quickly. Therefore, the linear relation- 
ship between forward current and light output does not apply. 


Yes—Any seven-segment LED or diode matrix display is a planar display. 


False—A liquid crystal display either reflects or transmits light; it never 
emits light of any color. 


True 
True 
(c) extremely low. 


False—In the dark, the LCD cannot be seen because there is no ambient 
light to reflect. 


True 

scanning 

R,, R3, R;, and R,. 

True 

electromagnetic; electrostatic 

60; sawtooth 

15,750; sawtooth 

Twice the diameter of the spot. 

The character signal is applied to the control grid of the picture tube and 
controls the intensity of the beam spot. Therefore, the beam is emitted 
from the cathode at the proper times during deflection to produce dots, 


which form the characters. 


True 
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QUESTIONS 


) IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 
errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 


on the card. 
Example: Perhaps the earliest rail car to combine 
eae aGOUe 2 = a gasoline engine driving an electric generator was 
CIE) ; : ‘ 
7430A cS demonstrated in the Chicago area in 


(A) 1890. (B) 1910. (C) 1920. (D) 1930. 


(A) consists of 262!/2 horizontal lines. (B) is repeated 60 times per second. (C) is 
repeated 15,750 times per second. (D) consists of 525 horizontal lines. 


SaOspY 


1. 8 = The gas discharge display operates on the principle of 
. ie (A) fluorescence. (B) incandescence. (C) reflection. (D) ionization. 
9. Ss = A display which generates r-f noise and cannot be used in sensitive receivers without 
Cc («Special shielding is 
D C4 (A) an LED. (B) a gas discharge. (C) an incandescent. (D) a liquid crystal. 
els 3.4 cg In Figure 7, which segments must be lit in order for the numeral 6 to be displayed? 
ey r = (A) A, F, E, D, C and G. (B) F, E, D,C, Band G.(C) F,E,DandC.(D) A,F,E, 
nee DD and C, 
A GaAsP mixture causes a display to emit red light. A display can emit green light by 
4. : = using a mixture of 
C — (A) GaAsP and increasing its phosphorus content. (B) GaAsP and decreasing its 
Dp phosphorus content. (C) GaAsP and increasing its arsenic content. (D) gallium 
5 A and phosphorus (GaP). 
’ B eS The only display whose efficiency increases as ambient light increases is the 
: f=) (A) liquid crystal operated in the reflective mode. (B) liquid crystal operated in 
the transmissive mode. (C) GaAsP LED. (D) GaP LED. 
6. A C. In Figure 16 and the Appendix of this lesson, when the numeral 8 is displayed and 
2 Cf column C; is being scanned, which of the row diodes will be forward biased? 
D cS (A) R,, Ra and Rg. (B) R,, R, and Rs. (C) Ry, Rg and Rg. (D) Ry, Ry and R;. 
7 Ac A 4-inch CRT would use 
B = (A) electromagnetic deflection and electrostatic focusing. (B) electromagnetic 
tf deflection and electromagnetic focusing. (C) electrostatic deflection and electro- 
static focusing. (D) electrostatic deflection and electromagnetic focusing. 
g. 4 <> During the long gradual rise in the horizontal sawtooth deflection current for a CRT 
. i display, the beam is deflected from 
p C4 (A) top to bottom. (B) right to left. (C) left to right. (D) bottom to top. 
9. 4 5 During the rapid fall of the vertical sawtooth current, the beam moves from 
. ==) (A) top to bottom. (B) left to right. (C) bottom to top. (D) right to left. 
10. | The interlace scanning method produces a frame which 
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SPARS: 


Each of the two 3600 HP diesel-electric road switches shown above has a 20 
cylinder engine, one traction alternator and six dc traction motors. Each 
diesel-electric road switcher has a continuous tractive effort of 83,000 
pounds. AC and dc motors and generators of various ratings are key 
elements in the operation of these locomotives. 

Courtesy Electro-Motive Division of General Motors 
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Learn from the mistakes of others— 
you can't live long enough to make 
neti them all yourself. 
‘tir —Martin Vanbee 


MOTORS AND GENERATORS 


Imagine yourself walking through a large, modern factory. Here, motors and 
generators are used to power the giant machines that punch, drill, cut and 
assemble materials into useful products. Skilled technicians watch over the 
machines and their electronic controls. The heart of each machine is a 
motor—large or small. Without motors and generators our present standard 
of living would be a dream instead of a reality. 


A motor is a device that converts electric power into mechanical power. 
There are countless uses for motors in industry and in the home. For 
example, they drive printing presses, clocks, and machine tools. They are 
also used in servomechanisms and are very important in ventilating and air 
conditioning systems. 


A generator is a device that converts mechanical power into electrical 
power. Generators can be driven by steam or gas turbines, gasoline or diesel 
engines, or by electrically operated motors. Generators and motors can be 
classed as either dc or ac. 


This lesson is divided into two parts. The first part covers the operation of dc 
generators and motors while the second part describes the operation of ac 
generators and motors. You must study the information presented in Part 1 
of this lesson and the material presented in Part 2 before taking the lesson 
examination which is at the end of Part 2. Be sure that you answer all of the 
Practice Exercise questions as you proceed through Parts 1 and 2 of the 
lesson. By doing this, you will insure that you have obtained the best 
possible understanding of the material covered. 


PART 1—DC MOTORS AND GENERATORS 


If there is current in the field of a dc motor or generator, and if there is 
armature rotation caused by some mechanical device, then a dc voltage will 
be developed at the brushes. If there is also an electrical load connected to 
the brushes, there will be output current. This dc device is then said to be 
operating as a GENERATOR. 


If the generator has dc voltages applied to both the field and brushes, and the 
generator is used to drive a mechanical load, it is then said to be operating as 
a MOTOR. Motors and generators are sometimes referred to as electrical 
machines. 
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DC GENERATOR OPERATION 


All electric generators depend upon the principle of ELECTROMAGNETIC 
INDUCTION. THE MOTIONS OF A WIRE ACROSS A MAGNETIC 
FIELD SETS _UP-AN_ELECTROMOTIVE FORCE (EMF) THAT 
CAUSES CURRENT. The principle of electromagnetic induction is shown 
in Fi The arrows between the two magnetic poles represent 
magnetic fice of force, commonly referred to as flux lines. The arrows show 
the flux lines leaving the north pole of one magnet and entering the south 


pole of the other magnet. This is the accepted direction for flux lines outside 
a magnet. MOTION FLUX 


The meter shown in Figure 1-1 is a zero-centered meter. If there is no 
current in the circuit, the pointer rests on zero. With a positive current, the 
pointer swings to the right. With a negative current, the pointer swings to the 
left. 


RESULTING 
i an. CURRENT 
MECHANICALLY rs 


INDUCED UP 
MOTION 
When the wire is not moving, the meter shows that there is no current 
through the wire. If the wire is quickly moved upward through the magnetic Figure 
field, the meter swings to one side. The pointer returns to zero when the wire jel 


has stopped moving or the wire is moved outside of the magnetic field. When 
the wire is moved downward through the magnetic field, the pointer again 
deflects from zero. But this time it moves in the other direction. 


By moving the wire in a straight line between the two magnetic poles, or in 
the same direction as the flux lines, no lines of force are crossed. Even 
though the wire is moving, the meter shows that there is no current. The 
reason for this is that the wire does not cross any flux lines. This action 
demonstrates three importan 


é The pointer movement shows that an emf is induced in the wire, which 
Causes a current in the wire. 


i SeN 


2, The moving wire must cut across the magnetic lines of force between the 
Boles of the magnets to induce an emf. 


© The meter pointer direction depends upon wire movement. Moving the 
ire upward swings the pointer one way, and moving the wire downward 
swings the pointer the other way. 


To understand generator operation, we must be able to determine the 
direction of flux and direction of motion. Using the left hand, as in Figure 
1-1, is an easy way to relate these directions. Point the thumb in the direction 
the wire is mechanically moved. Point the forefinger in the direction of the 
magnetic flux lines. The middle finger then shows the direction of the 
resulting current through the part of the wire that is in the magnetic field. 
The middle finger also points to the negative end of the wire which is in the 
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This 1000 HP dc traction generator is used in yard switching 
diesel-electric locomotives. The dc generator has its right end 
bell cover removed, exposing the brush holders and armature 
commutator. At the left end of the dc generator there is a 
three-phase alternator for use with auxiliary equipment. 
Courtesy Electro-Motive Division of General Motors 


magnetic field. This relationship is known as the three-finger left-hand rule. 
Applying the three-finger left-hand rule, if the wire shown in Figure 1-1 is 
moved upward, the induced current in the wire is from point B to point A as 
shown by the arrow. 


To use this rule, you must know two things to find the third. If you know the 
directions of the flux lines and the wire movement, you can find the direction 
of current. Or if you know the directions of wire movement and current, you 
can use the rule to find the direction of the flux lines. 


Single-Loop Generator 


The arrangement of Figure 1-1 shows the principles of electromagnetic 
induction. But this simple arrangement cannot produce the large amounts of 
electrical energy needed in practical circuits. To obtain large amounts of 
electrical energy and to permit the use of the rotating motion of engines, 
generators are built with their conductors formed into loops that rotate in 
magnetic fields. 
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Figure 1-2 shows a simple electric generator consisting of a permanent 
magnet and a wire loop. Like the arrangement of Figure 1-1, the simple 
generator of Figure 1-2 cannot produce a useful amount of electrical energy. 
It simply shows how a rotating generator works. You will see later how the 
arrangement of Figure 1-2 resembles a practical generator. 


Figure 1-2 


The ends of the wire loop shown in Figure 1-2 are connected to a split-ring 
arrangement called a COMMUTATOR. The pieces that make up the 
commutator are called segments. The wire loop and commutator segments 
are placed on, but electrically insulated from, a shaft supported by bearings 
at each end. This complete assembly of loop, commutator, and shaft is called 


an ARMATURE? Pressing—against-the commutator, carbon or Copper 


brushes form sliding contacts between the loop ends and the external circuit 
or load. 


As previously explained, electromagnetic induction depends upon the 
motion of the conductor in the magnetic field. In the following explanations 
assume that the armature rotates at a constant speed in a clockwise direction 
as shown by the curved arrow near the front end of the shaft in Figure 1-2. 


Usually, the wires across the back and front of the loop, and the wires from 
the loop to the commutator, are outside of the magnetic field and do not have 
an emf induced in them at any time. At the instant the armature is in the 
position shown in Figure 1-2A, the loop sides are moving parallel with the 
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A 
0° 


A 
90° 180° 270° 360° 


Figure 
1-3 


magnetic flux, and there is no induction in them. With no induced emf in the 
loop, there is no voltage between the commutator segments. Therefore, it 
makes no difference that each brush is touching both segments. 


As the loop turns, side X moves to the right and down past magnet pole S, 
and side Y moves to the left and up past pole N. Simultaneously, the 
commutator turns so that each brush touches only one segment. When the 
loop reaches the position shown in Figure 1-2B, the sides of the loop move 
directly across the magnetic field and the maximum emf is induced in them. 


The left-hand rule shows that the electrons flow back along side X and 
forward along side Y. Tracing the armature circuit from one commutator 
segment to the other, both emfs cause currents around the loop in the same 
direction. The voltage between the brushes is the sum of the voltages 
induced in the loop sides, and brush 2 is positive with respect to brush 1. In 
the external circuit, electrons leave brush 1 and flow through the load to 
brush 2. 


After the next quarter turn, the loop is in the position shown in Figure 1-2C. 
The sides of the loop are moving parallel to the flux, and there is no current 
induced in the wire. 


Continued rotation of the armature brings it to the position shown in Figure 
1-2D. The loop sides cut directly across the flux, and the induced emf is 
maximum. The left-hand rule shows that electrons flow back along side Y 
and forward along side X. As far as the loop sides are concerned, the current 
direction is opposite to that shown in Figure 1-2B. Because current is in one 
direction during part of the rotation, and in the opposite direction during the 


other part of the rotation, THE LOOP CARRIES AN 


CURRENT. 
a ot ee 


Remember, as the loop turns, the commutator also turns. Now side X is 
connected to brush 1, and side Y is connected to brush 2. In the external 
circuit, electrons leave brush 1 and flow through the load to brush 2, in the 


same direction as before. The commutator is a mechanical switch t 
CHANGES THE ALTERNA OP INTO 
)IRECT CURRENT IN THE EXTERNAL CIRCUI 


Another quarter turn of the armature brings it back to the position shown in 
Figure 1-2A. The loop sides are now parallel to the flux, and no emf is 
induced in them. 


The voltage between the brushes is represented by the curve of Figure 1-3. 


The magnitude of the voltage and the polarity of brush 2 is shown with 
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respect to brush 1 during one complete revolution of the loop. The degree 
markings below the line represent the angular rotation of the loop in respect 
to the position of the loop shown in Figure 1-2A. The letters near the curve 
show the voltage produced when the loop is in the various positions shown in 
Figure 1-2. 


Although the current direction in the load does not change, the induced 
voltage varies from zero to maximum and back to zero twice during each 
revolution of the armature. The_pulsating component of the dc voltage 
produced by this generator is reduced by using a generator r with more” 
eepmmtator seenients.." a Satan 


Multi-Loop Generator 


In a practical generator, it is necessary to obtain a greater output th 
single turn of wire can produce. This can lished in-one of two _ 


ways. First, moré u € added to the loop. The induced and the output 
voltages are now increased by the added turns. However, the output is still a 


pulsating dc with two large pulses for each revolution of the armature. 


The second way of increasing the output of a generator is to add more loops 
and commutator segments. This method provides for a more constant output 
voltage because the péak voltage is produced more than twice in 360° of 
armature rotation. The commutator segments and loops are equally spaced 
around the armature. In practical generators, both methods are used 
together. That is, generators have many loops and many turns of wire per 


loop with the number of segments corresponding to the number of loops. 


The cross section of the three-loop generator of Figure 1-4 shows the effect 
of adding armature loops. One loop is formed when wire segments A and A’ 
are connected at the back of the armature, another is formed by the 
connection of B and B’, etc. The small circles represent the wires which 
form the sides of the loops. The radial lines are the commutator-to-loop 
connections. To make the figure simple, the brushes are shown inside the 


commutator; however, you must remember that the brushes actually bear 


against the outside of the commutator. 


When the armature is turning in a clockwise direction, the left-hand rule 
shows that the current is out of the paper in the coil sides near the N pole. 
This condition is shown by the small dots placed in loop sides B and C to 
represent current which is in a direction out of the paper toward you. You 
can think of the dot as the point of an arrow representing the direction of 
current. In loops B’ and C’, the crosses represent current into the paper 
away from you. You can think of the crosses as the fins of an arrow 
representing the direction of current. 
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Figure 
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Figure 1-5 


As the armature turns, the induced voltage across each coil changes as 
shown by the curves of Figure 1-5. Properly positioned, the brushes make 
contact with one pair of segments when the induced voltage in the 
associated loop is near maximum. The brushes keep contact while the 
voltage rises to maximum and then decreases slightly. Then the brushes 
contact the following pair of segments. The widths of the commutator 
segment and the brushes are chosen so that the loop voltages are almost 
equal when the brushes contact the second pair of segments. The actual 
output from the generator is shown by the wavy, solid line across the tops of 
the curves of Figure 1-5. 


The coil arrangement of Figure 1-4 is poor because the induced output emf 


. . . . Cy 
occurs only in the coil to which the con made. This arr nt 
is called an “open-circuit winding” because there is no continuous path 


etween all of the loops. For efficiency, the armature coils are connected so 


t 


that all of the induced voltages are series-aiding across the brushes. 


Figure 1-6 shows the pictorial diagram of a two-pole, six-coil generator in 
which all of the loops are connected in series. The outer curved segments 
represent the armature core, while the spaces between these segments 
represent the armature slots in which the windings are placed. The small 
circles in the armature slots represent the coil sides that extend from the 
front to the back of the armature. As in Figure 1-4, the dots and crosses 
within the circles indicate current in the sides of the loops. Extending from 
the outer ends of the coil sides, the dashed curved lines represent the wires 
across the back of the armature. The solid curved lines represent the 
connections from the loop sides to the commutator segments. 


Regardless of the connections, the loops or coils must be placed so that 
when one side is near the N pole, the other side is near the corresponding 
part of the S pole. This means that in the two-pole generator of Figure 1-6, 
the sides of a given coil must occupy slots on opposite sides of the armature. 
For example, armature slot A is directly opposite armature slot D. Starting at 
commutator segment 1, you can trace a complete circuit to the coil side in 
armature slot A, along the dashed line to the coil side in armature slot D, and 
then to commutator segment 2. 
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-Io_improve the efficiency, the coils are arranged so_ that two coils pass 


throug Slot. Thus, the two circles in armature slots A and D represent 
the sides of two separate coils. 


To provide the desired output, the loop ends are attached to commutator 
segments which are alongside each other. The coils are then connected in 
series between the brushes. To illustrate this condition, a complete circuit 
may be traced from the +brush to commutator segment 2, through the coil in 
armature slots B and E to commutator segment 3, through the coil in slots C 
and F to commutator segment 4 and the —brush. Simultaneously, a circuit 
can be traced from the +brush to commutator segment 1, through the coil in 
slots C and F to commutator segment 6, through the coil in slots B and E to 
commutator segment 5 and the —brush. Thus, between the brushes there are 
two paths with two coils each. 


When the armature in Figure 1-6 rotates slightly clockwise so that the 
positive brush is contacting only commutator bar | and the other brush is on 
bar 4, then the current path is a little longer. The path is from bar 1 to slots A 
and D to bar 2. From then on, the path travels to bar 4 as shown in the 
preceding paragraph. This time current is through at least one conductor in 
each slot. 


In the position shown, the brushes are in contact with commutator segments 
1 and 2, and segments 4 and 5S. The coils in armature slots A and D are 
shorted. These coils are at the point of zero induction, and the shorting has 
no effect on the generator output. 


The coil arrangement of Figure 1-6 provides n 
brushes i rally known as a SIMPLEX WINDING. It also is known 


as a “closed-circuit winding” because, starting at commutator segment je 
you can trace a path through all of the conductors -irrall of the armature slots ~ 
until you reach segment | again-—————_—_____-———__ 

ress eee re 


Liss J) 


N 
N 
N 
NN: 


Figure 1-7 
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So that you can see it more clearly, the armature of Figure 1-6 is shown laid 
out flat in Figure 1-7. The armature slots and commutator segments 
correspond to those of Figure 1-6. The brushes are placed in the same 
relative positions. Letters at each end of the figure show the continuation of 
the various coils. The dashed rectangles show the positions of the N and S 
magnetic poles. 


With the armature coils moving in the direction indicated by the arrow at the 
top of the figure, the direction of current is as shown by the arrowheads on 
the coils. Electrons flow backward along the side of slot B, forward along the 
side of slot E, backward through slot C and forward through slot F, thereby 
making commutator segment 2 positive and commutator segment 4 negative. 


Simultaneously, electrons flow backward along the coil side in slot C, 
forward along the slot F coil side, backward through slot B, and forward 
through slot E. This makes commutator segment | positive and commutator 
segment 5 negative. Because the brush on the left side of Figure 1-7 is in 
contact with commutator segments 1 and 2, it is positive. Because the brush 
on the right side of Figure 1-7 is in contact with commutator segments 4 and 
5, it is negative. 


The arrowheads show that the currents in the coils of armature slots B,C, E 
and F are in such a direction as to aid each other. Therefore, the voltage 
between the brushes is equal to the sum of the emfs induced in the coils 
connected between segments 2 and 4, and segments 1 and 5. The induced 
emf in one coil increases at very nearly the same rate that the induced emf 
decreases in the other coil. Therefore, the generator output voltage is held 
nearly constant and a greater average power output results. 


Generator Ripple 


Direct current generators that supply operating voltages to transmitters, 
receivers and other electronic equipment have a large number of armature 
slots and commutator segments so that the output will be as pure dc as 
possible. Even then, a small ac component or ripple remains in the generator 
output. You can trace this ac component to three main sources: he 
armature slots, € cOmmutator, and (3) the brushes. 


«SLOT RIPPLE is caused by the interruption of the magnetic flux when the 
slot passes the pole piece. This causés ux that varies the 


induced voltage in the armature conductors. COMMUTATOR RIPPLE is 
caused by uneven voltage distribution between ator segments. 


B IPPLE is causé poor contact between the brush and the 
commutator. A worn commuta f poor adjustment of the brush spring 


al 


tension usually causes brush ripple. 
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As previously mentioned, most applications require that the dc generator 
output is to be as free from a ripple component as possible. For instance, 
generator ripple that appears in the input stages of a transmitter is very 
undesirable. These voltage variations are amplified millions of times along 
with the modulating signals before they are radiated from the antenna. 
Besides the steps taken in the design and maintenance of generators, many 
transmitters include ripple filters such as those used in ac power supplies. 
This filter is of the low-pass pi (7) type, which does not pass voltage 
variations above a particular frequency, and passes voltage variations below 
that particular frequency. Direct current, which is equivalent to zero 
frequency, is easily passed by such a filter while the ripple component is not. 


Generator Types 


The dc generator is used extensively in automotive, aeronautical, and marine 
installations as well as many industrial applications. Except for some small 
size and special purpose generators that use permanent magnets, most dc 
generators employ electromagnets to produce the magnetic field flux. For 
EiGpesoperation, the masnetle HERI potarity musvHotchanges Therstove, the 
windings are supplied with direct current. There are two common sources of 
this direct current. One is a small dc generator mounted_on the sam 
and mechanically connecté 
arrangement, the generator is said to be SEPARATELY EXCITED. The 
smaller generator that supplies the field current is called an EXCITER. 
eadeG ee pester a 


However, as direct current is available at the brushes, many generators use 
the armature as the source of field energy, and are called SELF-EXCITED 
GENERATORS. The starting action is explained as follows. Once a gener- 


ator is used, the iron frame and pole pieces retain a small amount of 
magnetism. Known as “residual magnetism,” this small magnetism induces a 
small emf in the armature when it is turned. The resulting low current in the 
field coils increases the flux. This induces a higher armature emf and 
increases the field current. The action continues until the génerator output 
builds up to its rated value. 


Depending upon how the field winding is connected to the armature, there 
Jependin 


are_three—classes_of self-excited generators: (1) shunt, (2) series, and Gy 
compound... —— —— 


Shunt Generator 


Figure 1-8 shows a simplified form of a two-pole generator in which a single 
field winding produces the required magnetic flux. As shown, one end of the 
field winding and one brush connect to the + output terminal, while the other 
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TERMINAL VOLTAGE 


Figure 
1-10 


end of the field coil and the other brush connect to the *output terminal. 
Thus, the_field coil and the armature are in parallel across the output 
terminals; and this arrangement is known as a SHUNT GENERATOR. So 
that irdoss not take too much of the oulput Current-the field winding is 


wound with many turns of small wire to give it a sufficiently high resistance. 


When the shunt generator is started, the residual magnetism induces a 
voltage in the armature conductors. Applied across the field winding, this 
voltage causes a current that increases the magnetic flux and the induction. 
Thus, the generator builds up to its normal voltage, even if no external load 
is connected to its terminals. 


With the armature turning at a constant speed and delivering a constant 
current to the external load, the generator voltage remains almost constant. 
However, if the load current is increased, the resulting increase of voltage 
drop across the armature coils and the brush-to-commutator contact resis- 
tance cause the voltage at the output terminals to drop as shown by the 
SHUNT curve of Figure 1-9. 


Be e the field winding is nected across the armature, the decrease of 
Smature voltage Tener the: fcld’ Catone Sad fe eet 
Flecreases the Terminal vollage more rapidly Thaw ithe drop Were caused 
As the load resistan S decreased, the load current increases, an e 


terminal voltage drops rapidly until it reaches point A shown in Figure 1-9. 


Further decrease of load resistance causes a rapid decrease of terminal 
voltage, and a decrease-of load-current: If the load resistance is decreased to 
zero, the field winding is short-circuited and there is no field current. At this 
point, the emf induced in the armature is due entirely to the residual 
magnetism. As this voltage is quite low, the load current is small and there is 
no damage to the generator. 


Series Generator 


Instead of connecting a high-resistance field in parallel with the armature as 
shown in Figure 1-8, a low-resistance field may be connected in series with 
the armature to produce the SERIES GENERATOR shown in Figure 1-10. 
Like the shunt generator, the Séries~generatorTétains a small amount of 
residual magnetism in the frame and pole pieces. When the generator is 
started, the residual magnetism induces a low voltage in the armature. 


However, the series generator voltage does build up until a load i 
connected and there is current inding. 
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With an external load, there is current in the field coil, and the magnetic flux 
increases. As a result, the generator voltage builds up aS Shown-by-the 
SERIES curve of Figure 1-9. With the armature turning at a constant speed 
and delivering a constant current to the load, the terminal voltage remains 
constant. However, if the load resistance is decreased, the load current is 
increased, and the resulting increase of magnetic flux induces a higher 
armature voltage. This continues until the rated full-load conditions are 
reached. 


see 


FSC Saae Trsinanreneetitee. Siemattanereaty. the higher voltage 


drop | across_the _armature, field coil, _and brush- to- commutator contact 


zero, but the circuit current is high. 


Compound Generator 


In most electric power systems, constant voltage is needed under varying 


load current conditions. To meet these needs, both series and shunt fields are 


used—Such an arrangement is known as a COMPOUND GENERATOR. 
Figure 1-11 shows a simple CUMULATIVELY-COMFOUNDED GENER- 
ATOR in which a series winding flux aids the shunt winding flux. With this 
arrangement, an increase of load current causes an increase of series-field 


current. The added flux prevents the total field strength from changing to any 
great extent. 


Because its effect varies with the load current , the series-field winding can_ 
_be made for three different conditions of voltage regulation. When the effect 
of the series-field_winding does _not_completely overcome the loss of. 
shunt- field winding e OMPO GENERATOR 
. The voltage at rated full load is less than no load, as shown 
by the UNDER-COMPOUNDED curve of Figure 1-9. 


If the series-field winding flux neutralizes the loss of shunt-field winding flux 


so that the no-load and rated full-load voltages are the same, a FLAT- 
COMPOUNDED GENERATOR coniton results. As shown by the FLAT- 

OMPOUNDED curve of Figure 1-9, the terminal voltage is almost 
constant between no load and rated full load, and then decreases slightly 
beyond rated full load. 


When the series field increases_the_total_flux, an OVER-COMPOUNDED 
GENERATOR condition results. The voltage at rated load is higher than at 
no load as shown by the OVER-COMPOUNDED curve of Figure 1-9. 
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Figure 
1-13 


For certain applications, the series field connections are reversed so that the 
flux produced by the series field reduces the flux produced by the shunt field. 
With this arrangement, a DIFFERENTIALLY-COMP GENER- 
ATOR condition results. Because of the opposition of the two fields, the 
terminal voltage drops more rapidly than that of a shunt generator when the 
current drawn by the load increases. 


Voltage Control 


The output voltage from a de generator is controlled manually by a variable 
ee a For a shunt generator, the rheostat is 
connected in Series with the field winding, as shown in Figure 1-12A. For any 
given armature speed, a change of field current causes a corresponding 


change of magnetic flux and output voltage. Increasing the field rheostat 
, décreas- 


resistance lowers the field curren ut vo : 
ing the field rheostat resistance raises the field current and output voltage. 


In a series generator, the field rheostat is connected in parallel with the field 
winding as shown in Figure 1-12B. Decreasing the field rheostat resistance 
lowers the field current and output voltage. Conversély, increasing the field 
‘rheostat resistance raises the field current and output voltage. 


As previously explained, a compound generator provides a degree of 


automatic voltage regulation. For manual voltage control, the field rheostat 
is connected in series with the shunt-field winding as s im Figure 1-1 
lh cdeithahc hates ens 2 Vi rebate AMES 2 EIR Ae 


DC MOTOR OPERATION 


When Michael Faraday was performing his experiments that led to the 
discovery of electromagnetic induction, he observed that a wire held in a 
magnetic field moved slightly when its ends were connec 


ource. Known as the “motor effect,” this action is shown in Figure 1-13. 
Battery B, supplies the applied voltage, and resistor R limits the current in 
the wire. With current and flux in the direction shown, the wire tends to 


move upward. This is the basic principle on which all electric motors 
operate. 


Notice the similarity between the simple generator of Figure 1-1 and the 
simple motor of Figure 1-13. In the generator of Figure 1-1, the motion is 
supplied and current is produced. In the motor of Figure 1-13, the current is 
supplied and motion is produced. 
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following Practice Exercise questions cover the subjects which you have 
studied. They are: 


DC GENERATOR OPERATION 
SINGLE-LOOP GENERATOR 
MULTI-LOOP GENERATOR 
GENERATOR RIPPLE 
GENERATOR TYPES 


VOLTAGE CONTROL 


. The magnets and wire shown in Figure 1-1 form a simple generator. True 


or False? 


. Outside a magnet, flux travels from a (a) south pole to a north pole, (b) 


north pole to a south pole. 


. The direction of induced current in a wire passing through a magnetic field 


depends (a) only upon the direction of flux, (b) only upon the direction of 
wire movement, (c) upon the directions of both flux and wire movement. 


. The split-ring arrangement shown in Figure 1-2 is called a (a) brush, (b) 


commutator. 


. What advantage does a multi-loop generator have compared to a single- 


loop generator? 


. A generator with a closed-circuit winding provides a more constant output 


voltage than a similar generator with an open-circuit winding. True or 
False? 


. What are three sources of ripple in a generator? 


. Which type of generator provides the most constant output voltage under 


varying load conditions? 


MOTORS AND GENERATORS Q1A 
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10. 


In a series generator, output voltage control is obtained by placing a 
rheostat (a) in series with the field winding, (b) in parallel with the field 
winding. 


In a shunt generator, output voltage control is obtained by placing a 
rheostat (a) in series with the field winding, (b) in parallel with the field 
winding. 


This series wound dc traction motor is used in yard switching 
diesel-electric locomotives. This dc motor can be operated at 
up to 750 HP. 

Courtesy Electro-Motive Division of General Motors 


To understand why the wire of Figure 1-13 moves, let’s look at Figure 1-14. 
Figure 1-14A shows the uniform magnetic field produced between the N and 
S poles of a pair of magnets. The circle near the center of the field represents 
the cross section of a length of wire that crosses the field. If there is no 
current through the wire, it does not move. 


If the wire is part of an electric circuit and the electrons move in the 
direction out of the page, the resulting magnetic field encircles the wire ina 
clockwise direction, as shown in Figure 1-14B. Two magnetic fields in the 
same space interact. Above the wire, the flux lines of the two fields are in the 
same direction, while below the wire, they are in opposite directions. As a 
result, some of the lines that did pass below the conductor are bent upward 
and are forced to pass over it. Like stretched rubber bands, these flux lines 
try to straighten out and return to their normal positions. However, as they 
do, they are opposed by the flux lines around the conductor. Because of 
interaction of the flux lines, there is a force on the wire that moves it 
downward. 


The direction of the f i n the direction of the 
magnetic flux and the direction of the current in the wire. Figure 1-14C 
pee ee ee Se een Fh pe 
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shows what happens when the current is reversed, so that the electrons flow 
into the wire instead of out. The magnetic field produced by the current 
circles the wire in a counterclockwise direction. The resulting flux interac- 
tions cause some of the. flux lines that passed above the wire to be bent 
downward and pass below the wire. Because of the interaction of the flux 
lines, there is a force on the wire that moves it upward. 


In Figures 1-14B and 1-14C, there are three factors to consider: 
Se ae 


| D The direction of the magnetic field, 
(2) The direction of current in the conductor, and 


(3.) The direction of wire movement. 


These three factors are related by the thumb, forefinger, and middle finger of 
the right hand as shown in Figure 1-15. This relationship is known as the 
three-finger right-hand rule. The thumb shows the direction of wire move- 
ment in the magnetic field. The forefinger shows the direction of the 
magnetic flux, and the middle finger shows the current direction in the 
conductor. 


oo 


ee WORKING WITH A MOTOR USE THE RIGHT-HAND RULE. 
W 


HEN WORKING WITH A GENERATOR USE THE LEFT-HAND RULE. 


Single-Loop Motor 


The actions of Figures 1-14B and 1-14C may be combined by placing a wire 
loop in a magnetic field so that one side is close to the N pole and the other 
side is close to the S pole, as shown in Figure 1-16A. When the loop is 
connected to a source voltage, the current is in one direction past the N pole 
and in the opposite direction past the S pole. As shown in Figure 1-16A, the 
resulting field distortion pushes one side of the loop downward and the other 
side upward. 


With the directions of current and flux as shown, the loop will turn until it 
reaches the position of Figure 1-16B. At this point, the forces are directly 
opposed and cannot cause further rotation. If the loop is turned further, the 
positions of the wires are reversed with respect to those of Figure 1-16A, 
and the resulting forces move the loop back to the position of Figure 1-16B. 


For continuous rotation in one direction, the loop current direction is 
reversed at the instant the sides reach the position of Figure 1-16B. To do 
this, the loop ends are connected to segments of a commutator, as shown in 
Figure 1-17. 
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Figure 1-17 


With the brushes connected to a battery, and the loop positioned as shown in 
Figure 1-17A, electrons flow to the back of the loop along side A and to the 
front of the loop along side B. This produces the conditions of Figure 1-16A, 
and the armature turns in a counterclockwise direction. 


An instant before the armature reaches the position of Figure 1-17B, the 
brushes short-circuit the loop and reduce its current to zero. (The condition 
of Figure 1-17B also short-circuits the battery. This condition is momentary 
and does not damage the battery.) With no current in the loop, there is no 
force on the conductors. The momentum of the armature carries it past the 
position of Figure 1-17B toward that of Figure 1-17C. 


When the short circuit is removed, electrons again flow in the loop. But now 
the commutator has reversed the loop connections, so that the current 
direction is to the back of the loop along side B and to the front of the loop 
along side A. Thus, side B is forced up and side A is forced down, and the 
armature is turned in the same direction as before. This action continues 
until the loop reaches the position of Figure 1-17D and the loop is 
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short-circuited by the brushes. Again carried by loop momentum, the loop 
moves toward the position of Figure 1-17A and the action starts over again. 


Torque 


nv force that causes rotation is known as TORQUE, and is measured in 
pound-fe istinguish it from the foot-pounds used to represent work. In 
a motor, torque is produced by the interaction of the field flux an flux 


surrounding the current-carrying armature conductors. The amount of torque 
conductors, and the distmee teen the Shalt oe ee 
conductor which produces the torque. 


In all motors, the number of armature conductors and their distances from 


the start center sve tens therefore, the toraus eceicen asses aaa 
field strength and armature current. This relationship is very important, as it 


explains why the torque changes with a change in load in different types of 
motors. Torque is actually proportio e field strength multiplied by the 


armature current. 


Counter EMF 


When the motor of Figure 1-17 is connected to a battery as shown, the 
armature spins in a counterclockwise direction. However, as soon as the 
armature begins to move, the loop sides cut the magnetic flux and a voltage 


is induced in them. Lexorcepphy the let aaa ee 
in the loop sides is opposite to that shown by the arrowheads. Trying to 


force_electr oun i é fe € direction, the induce 
voltage opposes the battery voltage. This opposing voltage is called COUN- 
/oltage opposes the t : osing ‘voltage Is cal 


ER EMF, abbreviated cemf. BOM a 


The elect pa ee uaterent ne ee 
thus lower the armature current. However, the counter emf can never equal 
the applied voltage. If it did, the two voltages would cancel each other and 
there would be no current in the armature. As a result, the torque would drop 


to zero and the armature would stop. In practice, counter emf is always a 


Little Tessie, SUuPDIy NONE, 


The induced emf varies with the rate of flux cutting. As the armature turns 
faster, more counter emf is produced, which results in a lower armature 
current. Conversely, as the armature turns slower, less counter emf is 
produced, which results in a higher armature current. A change of 


strength also affects the counter emf. A stronger field increases the counter... 
cee rere Te RL TAN BT ome Lana eC TO —_ 
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and lowers the armature current, while er_fi ces the 
counter emf and increases the armature current. 


Multi-Loop Motor 


Like the single-loop generator of Figure 1-2, the single-loop motor is very 
inefficient. It produces only two torque pulses for each complete revolution 
of the armature. The operation i oother and more efficient if a number of 
loops are spaced uniformly around the armature. ENmonEr ri 2 


Figure 1-18 


A multi-loop motor is shown in Figure 1-18. Notice that this motor is very 
similar to the multi-loop generator of Figure 1-6. The small circles in the 
armature slots represent the sides of the armature windings. That is, they 
represent a cross section of the wires which form the sides of the armature 
loops. The crosses in the circles represent current to the back of the 
armature windings along the sides of the armature loops. The dots in the 
circles represent current to the front of the armature windings along the 
sides of the armature loops. 


The solid curved lines represent the connections between the armature loop 
sides and the commutator segments. The curved, dashed lines represent 
wires of the armature loops which pass across the back of the armature. 


Electrons enter the motor at the negative brush and flow to commutator 
segments 1 and 2. From segment 1, electrons flow through the coil in 
armature slots C and F to commutator segment 6. From segment 6, electrons 
flow through the coil in slots B and E to commutator segment 5. The second 
path is from segment 2 through the coil in armature slots B and E to segment 
3 and through the coil in armature slots C and F to segment 4. 
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Figure 
1-19 


When current enters the motor at the negative brush it passes through the 
windings to the positive brush as explained, and returns to the external 
source. As in the generator, the brushes are placed so as to short-circuit the 
coils that are moving parallel to the magnetic flux. No voltage is induced in 
the coils when they are in this position. 


Analyzing the motor with the right-hand rule, the magnetic fields set up by 
the armature loops react with the fields from the pole magnets, which cause 
the armature to turn counterclockwise. The torque produced by this motor is 
the result of many armature loops or windings. This motor is more powerful 
and provides smoother operation than a single-loop motor. In general, a 


m th many windings has more power than a motor with only a few 


windings. 
eer 


Motor Types 


Direct current motors are sometimes used to drive loads like electric buses, 
delivery trucks and locomotives. When used to propel such vehicles, the dc 
motors are called traction motors. Other uses of dc motors include the 
operation of machinery which has a variety of speed and torque demands. 


Their variable speed characteristics make dc motors more suitable than ac 


motors for certain applications. Like generators, motors are either shunt, 


series or compound, depending on how the field winding is connected to the 


armature. 


Shunt Motor 


A SHUNT MOTOR and a shunt generator have the same circuit arrange- 
ment. As shown in Figure 1-8, the field is connected directly across the line, 
in parallel with the armature, As in the shunt generator, the field coils have a 


larg f a ; e armature cols have a few tu 
of_heavy wire. 


When the motor is in operation, the small field current produces a magnetic 
flux that stays fairly constant under all load conditions. Simultaneously, the 
flux cuts the armature conductors and induces a counter emf in them that is 
proportional to the field strength and the armature speed. Because the 
counter emf opposes the supply voltage, the difference between them is the 
effective voltage that produces armature current. 


As previously explained, the torque developed by a motor is proportional to 
the field strength and the armature current. Figure 1-19 shows the speed and 
torque characteristics of shunt, series and compound motors. Starting at the 
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lower left corner, the torque and speed values increase vertically, while the 
armature current values increase horizontally. 


The us armature curr i i a 


‘straight line because the field str i -constant,.Thus, torque. _varies 
linearly with armature Current in the shunt motor. The speed curve f for a a 


shunt motor shows- that-it-has i a> With no mechanical 
load, just a little current is needed to produce a torque that causes the 
armature to turn at a speed at which the counter emf approaches the supply 
voltage. If the armature speed increases slightly, the counter emf is 
increased also. The result is a decrease of effective voltage, armature current 
and torque so that the armature slows down slightly. If the armature speed 
decreases slightly, the counter emf decreases and permits a higher armature 
current. The greater torque increases the armature speed slightly. In 
practice, these actions automatically balance so that the motor runs at some 
definite speed and draws a certain amount of current from the source. 


When the mechanical load is increased, the armature slows down slightly. 
As it does, the counter emf decreases and permits the armature current to 
increase. The resulting increase of torque tends to hold the speed at its 


original value. Thus, a ee not run away when the load_is 
removed, provided the field current remains the same. For this reason, A» 
SHU IS_CONSIDERED_T NT-SPEED— 


MOTOR, even though its speed does decrease slightly with increase of load. 


= 


Series Motor 


SERIES MOTORS and series generators both have their armature and the 
field windings connected in series between the external terminals, as shown 


in Figure 1-10. The field winding has relatively few turns of heavy wire so 


that it is Capable of carrying the rated armature current. 


Remember that the torque developed by any motor is proportional to-the- 
product of the armature currént and field flux. The field flux of a series motor 


is normally doubled when t é current is~doubled; therefore, the torque 


varies almost as the square of the current. This condition is illustrated by the 
SERIES curve of Figure 1-19. ty 


\ 


With no mechanical load, a small armature current produces a torque that 
causes the counter emf and speed to increase. As in the shunt motor, an 
increase of counter emf causes a reduction of armature current. But, in a 
series motor, the reduction of armature current lowers the field current and 
flux. With a weaker field current, the armature speed increases to induce a 
balancing counter emf. The resulting decrease of field current causes a 
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further increase of armature speed. This action can continue until the 
armature coils are thrown from the core by centrifugal force. For this 
reason, many series motors, especially the larger ones, are never operated 
without a load, nor installed so that the load can be accidentally removed. 


When the mechanical load is increased, the armature slows down; this 
reduces the counter emf and increases the armature current. The higher field 
current produces a stronger magnetic flux, and the balancing counter emf is 
induced at a lower armature speed. Thus, as the load on a series motor is 
increased, the current and torque increase and the armature speed decreases 
as shown by the curves of Figure 1-19. For any given load, a series motor_ 


Lear eer a mie THE HEAVIER THE LOAD, THE 
SLOWER THE SPEED. Often, A SERIES MOTOR IS CONSIDERED TO. 


Compound Motor 


A CUMULATIVELY-COMPOUNDED MOTOR has both shunt and series 
fields that aid each other as shown in Figure 1-11. Therefore, its characteris- 
tics lie between those of the shunt and series motors. As shown by the 
curves of Figure 1-19, THE SPEED AND TORQUE OF A CUMULA- 
TIVELY-COMPOUNDED MOTOR VARY WITH LOAD MORE THAN 
A MOTOR AND LESS T 


Differentially- nded motors tend to ppv ee increas- — 
_ing load (again see Figure Tt and the speed can ~increase-until the 
armature flies apart. Consequently, this type of motor is seldom used in 


industry. Iti i ign a differentially-compounded motor that has 
exactly the same speeds at no load t fu : mace) 


Starting DC Motors 
As previously mentioned, the armature current of a motor is controlled b 


the counter emf, which is proportional to the field strength and armature 
speed. When the armature is stationary, there is no counter emf, and the 


“current is limited only by the low resistance of the armature coils. If the full 


supply voltage is applied across the armature, the resulting surge of current 
may destroy the coils. Also, the sudden torque develope rent 


surge may damage the mot 


To ion, a rheostat is usually connected in series with the 
armature. Labeled START in Figure 1-20A, this rheostat is set to maximum 


resistancé before the supply circuit is connected. The added resistance limits 


——— 
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es are Vane As the armature picks up speed, the 
induced counter emf reduces ‘current. The series resistance of the 
rheostat is slowly removed from the circuit to permit the current, speed and 
torque to increase to normal. In practice, the rheostat_is mounted in a 
separate enclosure called_a 1 ox or starter. Figure 1-21 shows the 
ee eucR Simin arrangements are used 


with series and compound motors. 


The starter rheostat contains several series-connected resistors, the ends of 
which are brought out to arow of stationary contacts. The last contact at the 
right is connected to terminal A, while the contact at the other end of the 
resistor string is connected to terminal F through the NO-VOLTAGE 
RELEASE electromagnet. The circuit from terminal —L to the stationary 
contacts is completed by a pivoted arm. The SPRING near the pivot returns 
the MOVABLE ARM to the OFF position when the arm is released by the 
electromagnet. 


SUPPLY 
SWITCH 


Figure 1-21 


The motor has three terminals so it can be used with the starter. The +L 
terminal connects to one brush and one end of the field, terminal A connects 
to the other brush and terminal F connects to the other end of the field. The 
electric circuit is completed by connecting the starter and motor terminals A 
and F together, and the +L and —L terminals to the dc supply through the 
SUPPLY SWITCH: 


To start the motor, the SUPPLY SWITCH is closed and the MOVABLE 
ARM is moved from OFF to the first contact, In this position, the 
MOVABLE ARM completes a circuit from the —supply wire through the 
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supply switch, terminal —L and the MOVABLE ARM to the first stationary 
contact. 


From this point, there are two current paths. One is through the NO- 
VOLTAGE RELEASE electromagnet, starter terminal F, motor terminal F, 
the field winding, motor terminal +L and the SUPPLY SWITCH to the 
+supply line. The other path is through the resistors, starter terminal A, 
motor terminal A, the armature, motor terminal +L and the SUPPLY 
SWITCH to the +supply line. 


These circuits place the line voltage directly across the field and place the 
starter resistors in series with the armature. As the armature speed in- 
creases, the MOVABLE ARM is moved from one contact to the next, which 
removes the series resistors one by one. When the MOVABLE ARM 
reaches the position of Figure 1-21, it connects the armature directly across 
the supply, and connects the starter resistors in series with the field 
resistance. The starter resistances are so low that they have very little effect 
on the field current. This is possible because the field resistance is much 
higher than the resistance of the starter resistors. 


In many starter units, the starter resistors are not built to continuously carry 
the armature current. If the starter arm is held on one contact too long, the 
resistors can overheat and burn up. 


The NO-VOLTAGE RELEASE electromagnet prevents the arm from being 
left in the running position (Position 7) when the motor is shut off or when 
the dc supply falls below a certain voltage. Carrying the field current, the 
NO-VOLTAGE RELEASE electromagnet winding produces a magnetic 
field that attracts a piece of soft iron attached to the MOVABLE ARM and 
holds the MOVABLE ARM in the running position. If the DC SUPPLY is 
disconnected or sufficiently reduced, the SUPPLY SWITCH opened, or the 
field circuit broken in any way, the magnetic field dies out, which allows the 
SPRING to return the MOVABLE ARM tto the OFF position. This 
disconnects the motor from the DC SUPPLY. 


Motor Speed Control 


Wit d_su oltage, a dc motor runs at a speed such that 
load. In many situations, the resulting speed is higher or lower than tha 
desired for a particular use; therefore, some means of varying the speed must 
be provided. ue 
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n most de motors, the armature speed is affected by the torque. If the 
, the armature speed increases. If t ue is decrease 
e armature speed decreases. AS previously explained, torque | is propor- 
tional to the field strength and the armature current. Any ee ere 
field strength or the torque will cause a change of armature current and 
armature speed. Armature voltage and field strength may be varied by 
external variable resistors, as shown in Figure 1-20. 


b 


The circuits of Figure 1-20 show the use of speed controls in shunt, series 
and compound motors. The start resistors are made for continuous use and 
are used to limit the armature current. Carrying the armature current, the 
start resistor develops a voltage drop and lowers the voltage across the 
armature. As a result, the balancing counter emf is induced at a lower speed. 
This method gives a wide range of speeds. The motor will also develop any 
desired torque over its working range. 


There _are three major disadvantages to this speed control d: An 
Fe Se sees on pend eae 
very poor because of the voltage variation across the series resistor with 
changes of armature current: and the start resistor must st be able to dissipate 
large amounts of heat. For these these reasons, the start resistor is used only for 


starting the motor. ‘ 
starting the motor. _ 


The speed of a motor is usually controlled by varying the field current with a 
ela belie elder eas une ciedunseries with the shunt ueldio! 
a shunt or compound motor, or in parallel with the series field of a series 
motor. If the field rheostat is adjusted to decrease the field current, the flux is 
also decreased. With a weaker field, a lower counter emf is induced in the 
armature. As a result, the armature speed increases. In contrast, if the field 
rheostat is adjusted to increase the field current, the flux and counter emf are 


Saas 


increased and the armature current and speed are reduced. 
ESS a Se tale eG oe ell 


This method of speed control is very efficient as far as power is concerned, 
and the regulation is excellent for any particular speed adjustment. 


Reversing Motors 


Returning to Figures 1-14B and 1-14C and the right-hand rule shown in 
Figure 1-15, the direction that the wire moves in the magnetic field depends 
upon the directions of flux and current. If either is reversed, the direction of 
motion reverses. If both are reversed, the relation between them is not 
changed, and the direction of motion does not change. 
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Figure 1-22 shows how to reverse a shunt motor. The FIELD COIL is 
connected directly across the DC SUPPLY, while the armature is connected 
to the DC SUPPLY through a REVERSING SWITCH. The REVERSING 
SWITCH is a double-pole, double-throw knife switch with six external 
connections. Although electrically insulated from each other, the mov- 
able blades are operated simultaneously. To complete the REVERSING 
SWITCH circuits, jumpers are connected from the upper left to lower right 
of the switch and from the upper right to lower left of the switch. 


When the movable switch blade is in the upward position, there is a circuit 
from the —supply wire through the left-hand switch blade, through the 
armature from right to left and through the right-hand switch blade to the 
+supply line. 


When the movable switch blade is in the downward position, the jumpers 
reverse the connections between the supply and the switch blades. There is a 
circuit from the —supply line through the right-hand switch blade, through 
the armature from left to right and through the left-hand blade to the 
+supply line. Thus, without changing the field current direction, the switch 
reverses the armature current direction to cause motor operation in either 
the forward or reverse direction. 


You can reverse a series motor by connecting a reversing switch in the 
armature circuit as shown in Figure 1-23. Instead of connecting it in the 
armature circuit, the REVERSING SWITCH may be connected in the field 
circuit. Compound motors are also reversed by reversing the voltage across 
the armature. 


DC GENERATOR AND MOTOR CONSTRUCTION 


The construction of a de generator or motor is shown in Figure 1-24. The 
magnetic field is produced by electromagnets mounted on the inside of a 
cylindrical steel frame or yoke. Depending on the output needs, the field flux 
is produced by one or more pairs of poles. 


The cylindrical armature consists of the SHAFT, ARMATURE CORE, 
ARMATURE COILS, and COMMUTATOR. The SHAFT is held by 
BEARINGS in both of the end bells. Carbon or copper brushes in insulated 
holders are pressed firmly against the COMMUTATOR by springs. These 
springs keep the proper pressure on the brushes. 


Although the number of armature core slots and coils varies, there are 
oe 28s SRT | an er ; 
usually as many commutator segments as there are coils. However, some- 
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Figure 1-24 


times there is one more slot and coil than there are segments. In this 
example, the coil is left unconnected and referred to as a dead or dummy 
coil. This coil balances the motor so it will not vibrate. 


Eddy currents are induced in the field poles and armature cores by changes 
in magnetic flux as the armature rotates. With solid FIELD and ARMA- 


cancels par nd Towers the-efficiency. 


e ee eee 
structed of a stack of thin pieces of sheet iron coated with insulating varnish. 
This laminated construction has about the same permeability as a solid piece 
of iron, but the insulation reduces the eddy currents and improves the 


efficiency. 


ARMATURE REACTION AND ITS CORRECTION 


Figure 1-25A shows the cross section of a two-pole, four-coil generator or 
motor. Neglecting for a moment the armature current and its effects, the 
magnetic flux set up by the field coils extends straight across the gap from 
the N pole to the S pole as shown by the light, dashed lines. The magnetic 
flux is now evenly distributed across the pole faces. 


When the motor or generator is in operation, current is in the armature coils. 
In Figure 1-25B, electrons flow out of the conductors near the N field pole 
and into the conductors near the S field pole. A dot or cross inside a small 
circle represents the point or tail of an arrow, respectively. The circles 
without a dot or cross represent the sides of the short-circuited coil. 
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Neglecting for a moment the field flux, and its effect, the armature current 
magnetizes the core so that it has an S pole at the top and an N pole at the 


bottom.-Because it produces—a-fiux-at Tight angles—to_the field flux, the 


armature is said to netized. 
arm 


When the motor or generator is operating normally, these magnetic fields 
interact. The magnetic fields oppose each other at pole tips a and c, and 
attract each other at pole tips b and d. As a result, the magnetic field is 
distorted as shown in Figure 1-25C. The flux is now unevenly distributed 
across the pole faces. This i ion between the flux of the field and 


ar e is called ARMATURE REACTION. It occurs in both motors and 
generators. 


Referring to Figure 1-25A, the sides of coil 1 move parallel to the magnetic 
flux and have zero induction in them. They lie in what is known as the 


AL PLANE. As used here, a plane is an imaginary surface that has 
length and width but no thickness. In the generator and motor, the neutral 


lane is defined as a plane that is at right angles to the field flux, where there- 


is Zero induction in the armature coils. 
sage cael demmie 


In Figure 1-25A, the vertical line through coil 1 shows the location of the 
neutral plane when there is no current in the armature, and the field flux is 
undistorted. This plane often is called the normal neutral plane. When there 
is current in the coils, the-magnetic field is distorted as shown in Figure 
1-25C. As a result, the neutral plane shifts until it is again at right angles to 
the field flux. 


dt al plane depends upon armature current, which 
varies with the load. A light load causes a low armature current and a sma 
‘neutral plane shift-Conversely, a heavy load causes a high armature current 
and a large neutral plane shift. 


With a given field polarity and armature current direction, the direction of 
neutral plane shift is in the direction of rotation in a generator, and in the 
opposite direction of rotation in a motor. For example, if Figure 1-25C is a 
generator, the left-hand rule shows that the armature is turning in a 
clockwise direction. Shifting from the vertical position of Figure 1-25A to 


that of Figure 1-25C, the srcuta’ plane moves ini the aie tere ae 
Conversely, if Figure 1-25C is a motor, the right-hand rule shows that the 
armature rotation is Oe ee the neutral plane moves 
opposite to the direction of rotation, to reach the position shown in Figure 


ODS a 
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For the generator shown in Figure 1-6 and the motor shown in Figure 1-18, 
the brushes are arranged to short-circuit the coils in which there is zero 
induction. Another way of saying this is that the brushes must short-circuit 
the coils in the neutral plane. For this reason, the neutral plane sometimes is 


called the COM ; CONG rey 


Brush Sparking 


Brush ing occurs if r-induced voltage, self-induced volt- 


age, or mutual-induced voltage is too high. 


The voltage induced in-a-coitdepends upon the relative positions of the coil 


eee eee 


sides and the magnetic pole. Thus, the induced emf in the coil at the moment 
of commutation changes when you move the brushes one way or the other 
with respect to the pole pieces. Known as the “‘armature reactance voltage,”’ 
the emf or self and mutual induction is not affected by the positions of the 
conductors and magnetic poles. It is produced by the current change in a coil 
as aresult of commutation. Although the armature reactance voltage may be 
kept low, it cannot be completely eliminated. 


Up to now, it has been assumed that the coil undergoing commutation is in 
such a position that it has zero induced voltage in it. However, when the coil 
is commutated, the resulting armature reactance voltage may be high enough 
to cause sparking. 


One method of reduci i ing-is to shift the brushes until 
the coil being commutated is in the fringe of the main magnetic field. The 


resulting induced emf opposes the reactance voltage and reduces sparking. 
With no load, the brushes of a generator are shifted in the direction of 
rotation, and those of a motor are shifted in the direction opposite to 
rotation. However, as the load is applied, the armature current increases and 
the neutral plane shifts, as shown in Figure 1-25C. This reduces the fringe 
field strength and lowers the induced voltage. Simultaneously, the higher 
armature current causes an increase of reactance voltage. The increasing 
load finally reaches a point where the reactance voltage again exceeds the 
fringe-generated emf enough to cause sparking. Thus, the degree of brush 
shifting depends on the load, and a change of load demands a different brush 
position. 


Brush shifting is used in some generators and motors to reduce commutation 
sparking. But this method is not always satisfactory. It has a rather limited 
load range, and it produces a demagnetizing effect on the field flux. 
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Commutating Poles 


For best results, the brushes should be close to the com i ut 
WheMtherels a change of Toad- there Tea cortespondine change or armatare 
reaction. As a result, the commutating plane shifts, and a problem to keep 
the brushes in the most desirable position develops. 


Commutation is improved by shifting the brushes to bring the coil under 
commutation into ringe of the main magnetic field. The results are the 


same if you leave the-brushes-im the normal neutral plane and move the 
magnetic field back to them. This is done by placing small auxiliary poles 
midway between the main poles as shown in Figure 1-26. Such auxiliary 


poles are known as IN LES or COMMUTATING POLES. 


The windings of commutating poles are connected in series 
dare arran produce magnetic poles, as shown in Figure 1-26. 
Because the commutati mdings Carry the load current, the magnetic. 
fields they produce are always proportional to the armature current. They 
also reduce the shift of the neutral plane with load variations. Thus, there is 
sparkless commutation at all loads. As a result, little or no brush shifting is 
needed and the brushes can be permanently mounted in one position. 


REGULATION 
REGULATION of a generator with variou j io of the 
ifference between fhe no-load and rated full-load voltages to the rate 
full-load voltage. Usually this ratio is multiplied by 100 to give a percentage> 


Ey — Er y 10 
r 0 


F 


( Percent Regulation = (1) 


where: 


Ey is the no-load voltage, and 
Ey is the rated full-load voltage. 


Assume that the no-load voltage is 110 volts and the rated full-load voltage is 
100 volts. The percentage of regulation is: 


Percent Regulation = bles x 100 


10 
100 x 100 = 10%. 
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In most applications, a low re e is desirable. It indicates 
that a generator has a rated full-load voltage very close to the no-load 
voltage. 


For “‘const ion is the ratio of the difference 
between the no- load and rated full- load speeds to the inder 


Rx 100 (2) 


where: 
Sy is the no-load speed in revolutions per minute (rpm), and 


Spr Is the rated full-load speed in rpm. 


Assume that the no-load speed of a dc motor is 3600 rpm and the rated 
full-load speed is 3500 rpm. The percentage of regulation is: 


Percent Regulation = ae x 100 = oer x 100 
100 
= 3500 x 100 = 2.86%. 


Speed regulation is a measurement of the ability of a-motor to maintain its- 


speed peed when a a | load is applied. A low-speed regulation percentage is also 
desired. 


EFFICIENCY 


A certain part of the energy delivered to a motor or generator is lost within it 
in the form of heat. Not only is the energy wasted, it also heats up the motor 
or generator and limits its output. If the energy loss becomes excessive, the 
resulting temperature rise may break down the insulation. 


The losses developed 1 in a motor or generator pay pe summarized as follows: 


Copper —J?R or power losses caused by the current in the armature 
and in the field windings, the brushes, the commutator, and the brush-to- 
commutator contact resistance. 


Iron Losses—Power losses caused by eddy currents and hysteresis in the 
armature core and poles. 
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«Friction Losses—Power losses caused by the friction of the bearings and 
brushes. 


ICIENCY of a generator or motor is the ratio of the output to the 
input. To obtain a percentage, the ratio is multiplied by : 


output 
put 


Percent Efficiency = x 100. (3) 


The efficiency equation may also be written: 


input — losses 


Percent Efficiency x : 
input 


x 100. (4) 


To use either of these equations, the output and input values must be 
expressed in the same terms, either electrical or mechanical. The following 
example shows the steps to follow when one quantity is given in mechanical 
terms and the other is given in electrical terms. 


Assume that you have a motor that develops a full rated output of 1.5 
horsepower and draws 5.74 amperes at 250 volts. What is the efficiency of 
this motor? 


Step 1. Find the number of watts corresponding to 1.5 horsepower (1 HP = 
746W): 


1.5 X 746 = 1119 watts. 
Step 2. Find the input power: 
P = IE = 5.74 x 250 = 1435 watts. 


Step 3. Find the efficiency: 


Efficiency = ae x 100 = 77.9%. 


Most power devices have a definite power rating. Determined by the 
manufacturer, this rating gives the power the machine can safely or 
efficiently deliver under given conditions. For generators, the power rating is 
in watts or kilowatts. For motors, the power rating is in mechanical 
horsepower. 
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Besides the “conventional” dc motors and generators there are special dc 
motors and generators such as the dynamotor, printed-circuit motor and 
brushless motor. 


Dynamotors 
If ired power differs in frequency or voltage from the supplied 
power, a motor-gé may be used. This motor-génerator set consists 


of a motor and generator mounted on a common base with their shafts 


coupled together. The motor works on the supplied power and turns the 
generator. The generator works as a separate electric unit to produce the 
required kind of power. 


ig j fficiency, the motor and generator may_be combined into_ 
Boa win one frame called a DYNAMOTOR. Units of this type are 
used to supply operating voltages for transmitters and receivers. The frame 


carries the conventional field circuit and poles, but the armature carries two 


independent sets of wimdi and commutators. 
a aR en ee 


eee ee ee le ee ee 
low-vo tage dc. The other armature winding generates the desire t 
Coa Mth nat ynaMnStOrs ODETTE On 6 TS TIGF TIO voltae olcuite, ond 
produce a variety of dc outputs, usually higher than the supply voltage. 


Because of the way the armature coils are wound and connected, electrons 
flow in opposite directions in the motor and generator coil sides in the same 
slots. As a result, the armature reaction is canceled, there is no neutral plane 
shift, and id-sparking is reduced. Teens ho eh 


Because_ of the aA of armature reaction, the total losses in the 
higher. “Because i field flux_does not have 7m eee the e armature 
reaction, ai ing and core can be used. The dynamotor can be 
more compact and weigh less than a motor-generator set. 


Major disadvantages of a dynamotor are: (1) the output voltage cannot be 
varied except by varying the input voltage;and (2) the voltage regulation is 
not as good as that of a motor-generator set. = 
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Printed-Circuit Motors 


A recent development in the motor industry is the PRINTED-CIRCUIT 
MOTOR. The name comes from the fact that such. a motor uses a 
printed-circuit armature. Printed-circuit motors are used extensively in 
servomechanism ems. Because the first printed-circuit motors supplied 
only small amounts of torque they were limited in use. This is no longer true. 


Printed-circuit motors are now capable of producing large amounts of torque 
and are being Widely used in a variety of applications. Tite 
seit clara abl SP Nats eemtbe ih so 


A cutaway view of a printed-circuit motor is shown in Figure 1-27. The basic 
principle of operation in this type of motor is similar to that of a conven- 
tional motor. The main difference is in the armature assembly. As shown in 
Figure 1-27, the armature of a printed-circuit motor is a thin disc mounted on 
a shaft. In Figure 1-27, the isc 1S Shown from 
side-The diameter of this disc may range anywhere from about 3!/, inches to 
almost 50 inches, depending on the rating of the motor. 


PRINT ED ( WW 


ARMATURE IY 


BRUSH 


Front views of the Printed Armature disc are shown in Figure 1-28. You can 
get a better idea of how the Printed Armature disc is constructed in this 
view. The Printed Armature disc is made of a nonconductive material, with 
flat, ribbon-like copper conductors printed on both sides. The light areas of 
the armature shown in Figure 1-28A are the copper conductors. The dark 
lines between the conductors are the nonconductive disc material. The 
conductors are the windings of the armature and form the armature loops. 
The reverse side of the armature is similar to the side shown. 


Figure 1-28 


7435 
36 
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PLATED 

PLATED THROUGH 

THROUGH HOLES 
HOLES B 


Figure 1-28 


Connections between the sides of the armature are made by PLATED 
THROUGH HOLES shown at both ends of the windings in Figure 1-28B. A 
hole is drilled through the conductor and disc material to the corresponding 
part of a conductor on the other side of the Printed Armature disc. The hole 
is then plated with a conductive material and the two conductors on opposite 
sides of the Printed Armature disc are electrically connected to form a loop. 


This “pancake”’ printed-circuit motor has 8 poles and 4 
brushes. This type of motor is rated at '/3),'/3, and'/3 HP at 
between 2000 and 2600 rpm. 

Courtesy Photocircuits Division, Kollmorger Corporation 
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There are usually about 100 to 200 armature conductors in a printed-circuit 
motor, depending upon the motor’s rating. Just as in a conventional motor, 
the more armature conductors a printed-circuit motor has, the more power it 
can develop. 


Notice the physical position of the BRUSH in Figure 1-27. While only one 
brush is visible in this cutaway view, there are other brushes spaced at 
intervals around the motor case. The brushes ride directly on the armature 
conductors to form sliding contacts between the conductor loops and the 
armature voltage source. The br t of 
conductor strips at any given point of armature rotation, so that there is a 
‘commutator action without the need for a separate commutator. Bé 
there aré SO Many armature conductors, the printed-cir 
is very smooth. 


MOTOR 
SHAFT 
FLUX 
RETURN ~al 
DIsc 


ARMATURE 


MAGNETS 


Figure 1-29 


Figure 1-29 is an exploded view of a printed-circuit motor. The motor has 
been simplified to show the basic action. Only one armature loop is shown in 
this figure. The loop extends from the center to the outer edge on the front of 
the ARMATURE disc, through the plated hole, and from the outer edge to 
the center on the back of the ARMATURE disc. The conductor on the front 
of the ARMATURE disc is represented by a solid line, while the conductor 
on the backside of the ARMATURE disc is represented by a dashed line. 
Although they are not shown in this figure, a set of brushes connects the ends 
of the loop to an external voltage source. 


The field is supplied by the FIELD MAGNETS spaced around the frame. In 
a conventional dc motor the lines of force pass from an N pole on one side of 
the loop to an S pole on the opposite side of the loop. But in the 
printed-circuit motor, the magnetic path is a little different. The lines of 


force pass from an N pole through a FLUX RETURN DISC aid back to an 
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S pole mounted beside the N pole on the frame. This flux path is shown by 


the dashed-line arrows in Figure 1-29. 


The FLUX RETURN DISC is a good magnetic conductor, and therefore, it 
acts to “steer” the lines of force between the set of adjacent magnetic poles 
as shown in Figure 1-29. The ARMATURE is mounted between the poles 
and FLUX RETURN DISC, in the path of the magnetic lines. The lines of 
force from the N pole cut the front conductor of the ARMATURE disc in 
One direction, pass through the FLUX RETURN DISC and cut the back 
conductor of the ARMATURE disc in the opposite direction as they return 
to the S pole. Thus, the field effect is basically the same for the two sides of 
the loop in a printed-circuit motor as it is for the two sides of the loop ina 
conventional motor, although the physical arrangement is different. 


As previously explained, the brushes form a sliding contact between the 
voltage source and the armature conductors. Current through an armature 
conductor causes a magnetic field around the conductor. The small arrows 
near the conductors show the directions of current in the front and back 
conductors of the loop. By applying the right-hand rule, you will find that the 
ARMATURE tends to turn in a clockwise direction. 


We have described the torque developed by only one armature winding. The 
armature has many of these windings and they are arranged so that all 
torques add together to produce a large output torque. For example, a motor 
with an axial length of 1.6 inches and a diameter of 11 inches produces 1.25 
horsepower. Compare this size and power to other motors which you have 
seen and you will appreciate the size advantage. 


eee 


A printed-circuit motor also has other advantages. As a result of the light 
weight of the armature for a given power rating, certain types of printed- 
circuit motors are capable of starting and stopping 300 times a second. This 
makes printed-circuit motors ideal where - fast response is necessary. 


Printed-circuit windings have very low resistance, usually much less than 1 
ohm. Thus, a relatively low operating voltage will produce the high current 
required to obtain a dense armature field. For instance, some of the smaller 
printed-circuit motors Operate on a 6 volt supply. This feature makes 
printed-circuit motors ideal for operation with power transistors which are 
primarily low voltage devices. 


Brushless DC Motors 


There are many places-where dc motors~are-needed—but_where brush 


sparking cannot t be tolerated. - Sparking ce causes interference to radio-and TV 
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This variable speed brushless dc motor is rated at 1260 to 
1540 rpm and 28 oz-in of torque. Behind the motor is the solid 
state control circuitry that establishes these ratings. A simi- 
lar motor with a more sophisticated control circuit also 
provides a rated 28 oz-in of torque over an adjustable range . 
of 300 to 6000 rpm. <« 


Courtesy Siemens Corporation 


reception, and causes ozone to be formed from oxygen, Brushless de motors 
are often used in satellites, buildings housing radio communication equip- 
ment and in hospital operating rooms. Some brushless dc motors, called 
<stepper motors,” are designed to make only partial revolutions when dc- 
pulses are applied to them. 


Continuously rotating brushless dc motors often have permanent magnets 
for the-rotating part (called _a rotor). In some motors, two squaré Wave Or 
trapezoidal waveforms that have 90° phase shift between them are applied 
one each to a set of field windings, which causes a rotating field to appear in 
the motor. This causes the permanent magnet rotor to revolve. Many of 
these motors use ‘‘Hall effect’? devices to sense the position of the 
permanent magnet rotating part so as to trigger the switching circuitry. 


MAINTENANCE OF DC MOTORS 
AND GENERATORS 


Preventive maintenance helps to ensure long life in motors and generators. a 


detect trouble before it becomes severe. Pease lbs, 
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Sparking can be caused by a dirty commutator, overloadin 
brush tension, worn brushes or open armature coils. The commutator in a 
motor or generator receives more wear than any other part. For this reason it 


should be examined frequently. 


The commutator can be cleaned and smoothed by using a piece of number 00 
sandpaper while the motor is running. The next step is to place a few drops 
of mineral oil on the sandpaper and polish the commutator. Do not use too 
much oil and never use emery cloth. Emery cloth contains metallic particles 
which will cause a coil to be permanently short-circuited. 


Mica is an insulating material which is used between commutator segments. 
As a commutator wears it becomes rough. This roughness is sometimes 
caused by the mica protruding past the surface of the commutator, as shown 
in Figure 1-30A. This prevents a smooth contact between the brushes and 
the commutator segments. By undercutting the mica as shown in Figure 
1-30B, good contact is once again obtained between the brush and com- 
mutator. If the commutator is badly nicked and cut, it should be turned 
smooth on a lathe. 


Most of the brush trouble is caused by poor brush tension, worn brushes and 
brushes which are out of the neutral plane. The spring tension must be 
correct for good electrical contact between the brush and commutator. If the 
tension is too loose, the brush will bounce. This condition will cause brush 
arcing, and may cause the commutator to become rough. If the tension is too 
tight, it will increase brush wear. Proper operation calls for proper adjust- 
ment of the tension to the point where the brush just stops bouncing. 


Proper fitting of the brushes in their holders is also important. If the brush 
does not move freely in its holder, the holder should be cleaned. If a brush is 
to be replaced because of wear, an exact replacement must be used. The 
brush should be shaped so that its entire face contacts the commutator. If 
the entire brush face does not contact the commutator, the brush will spark 
because the surface area is not large enough to carry the proper current. 


When a commutator is turned down with a lathe, the brush may have to be 
reshaped to fit the new size of the commutator. To reshape the brush, place a 
strip of very fine sandpaper, narrower than the commutator length but wider 
than the brush width, between the brush and commutator. Then, turn the 
armature in the normal rotating direction. 


A voltmeter can be used in the simple test arrangement of Figure 1-31 to find 
shorts or opens in armature windings. In an armature, the number of turns 
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MICA 


COMMUTATOR 
SEGMENTS 


COMMUTATOR 
EGMENTS 


MOTORS AND GENERATORS 


VOLTMETER 


Figure 
1-31 


between adjacent segments is equal, and the number of coils between the 
segments on which the brushes rest is equal. Thus, the voltage across each 
segment should also be equal. Using a dc source and turning the armature by 
hand, if the coil between segments F and G in Figure 1-31 is shorted, there 
will be no voltage across it and the meter will read zero. If this coil is open, 
the meter will read the full de supply voltage. 


If trouble is indicated check the connections between the coils and seg- 
ments. Poor solder joints may give a false indication of an open coil. If the 
mica in the commutator was undercut, check to see that no foreign metal is 
shorting two commutator segments together. This gives a false indication of 
a short. 


An unwanted current path from the armature to wn as 
si aantlie- cole baeblited bi 2 pour Eaten ra eal: aa Caen 
place one ohmmeter test lead on the motorframe. Place the other ohmmeter 
test lead on different segments of the commutator. If you get a much lower 


resistance reading at one segment than at others the chances are that the 
insulation of the coil connected to that segment is defective. 


Field coils can be tested with an ohmmeter, as shown in Figure 1-32. If you 
place the ohmmeter test leads on points E and D of Figure 1-32, and the 
meter reads some definite resistance value, the circuit is completed. If the 
reading is infinite, the circuit is open. The next step is a continuity test to find 
where the open exists. With one ohmmeter test lead on point E as shown, the 
other ohmmeter test lead should be placed on point A, then point B, then point 
C. If the ohmmeter indicates continuity between point E and point A, but an 
open circuit between points E and B, there is a break in the circuit between A 
and B. 


Another source of trouble in a motor or generator is the bearings. The 
bearings on many motors and generators require periodic lubrication. The 
lubricant is usually inserted through an oil or grease cup. Overlubrication 
can be harmful. For example, the space between the motor or generator end 
housing and the armature generally should not be filled with grease. Grease 
on the commutator can reduce the brush contact area. 


Bearing overheating can cause the condition known as freezing, where the 
rotor shaft and the bearing lock together. One cause of bearing overheating 
is improper lubrication. If a bearing overheats, the motor or generator 
should be slowed down, but not stopped, and oil or grease applied. This will 
prevent freezing of the shaft. Bearings that wear out must be replaced. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


DC MOTOR OPERATION 
SINGLE-LOOP MOTOR 
TORQUE 
COUNTER EMF 
MULTI-LOOP MOTOR 
MOTOR TYPES 
STARTING DC MOTORS 
MOTOR SPEED CONTROL 
REVERSING MOTORS 
y)) DC GENERATOR AND MOTOR CONSTRUCTION 
ARMATURE REACTION AND ITS CORRECTION 
BRUSH SPARKING 
COMMUTATING POLES 
REGULATION 
EFFICIENCY 
SPECIAL DC MOTORS AND GENERATORS 
DYNAMOTORS 
PRINTED-CIRCUIT MOTORS 
BRUSHLESS DC MOTORS 


MAINTENANCE OF DC MOTORS AND GENERATORS 


11. In using the right-hand rule for motors, the thumb shows the direction of 
(a) current, (b) magnetic flux, (c) wire movement. 


ry} 12. In using the right-hand rule for motors, the forefinger shows the direction 
of (a) current, (b) magnetic flux, (c) wire movement. 
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13. 


14. 


15. 


16. 


iT. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


pH 


28. 


What is the purpose of the brushes and commutator segments of the simple 
motor shown in Figure 1-17? 


In a motor, counter emf opposes the supply voltage. True or False? 


If the speed of a motor is increased, the motor develops a (a) smaller 
counter emf, (b) larger counter emf. 


If counter emf increases, armature current (a) decreases, (b) increases, (c) 
remains the same. 


The torques produced in the motor of Figure 1-18 by the armature 
windings in slots B and F tend to turn the armature in (a) the same 
direction, (b) opposite directions. 


Which type of motor is known as a constant-speed motor? 


If the load is removed from a series motor, the motor can speed up until it 
destroys itself. True or False? 


In starting a shunt-wound motor, the resistance in series with the armature 
should be (a) maximum, (b) minimum. 


Speed control of a motor is usually obtained by varying the current 
through the field winding. True or False? 


The direction of rotation of a de shunt-wound motor armature can be 
reversed by reversing the polarity of the field coil supply. True or False? 


The interaction between the flux in the field and armature is called (a) 
cross magnetization, (b) armature reaction. 


There is maximum induction in the armature coils which lie in the neutral 
plane of a motor. True or False? 


The neutral plane of a motor or generator shifts as the load on the motor or 
generator changes. True or False? 


For a minimum of sparking, the brushes of a generator or motor should 
always be out of the neutral plane. True or False? 


In a generator, the no-load voltage is 250 volts and the full-load voltage is 
230 volts. What is the percentage of regulation? 


A motor rated at 1/2 horsepower draws 3.88 amperes at 120 volts. What is 
the efficiency of the motor? 


SUMMARY 


All generators operate on the principle of electromagnetic induction. 
In this process, voltage is induced in a wire cut by a magnetic field. 
Generators differ mainly in the number of loops and segments used. By 
increasing the number of equally spaced loops and segments, the induction 
and output voltage are increased. The output voltage is also smoother or 
more nearly constant. The multi-loop generator therefore provides more 
efficient operation. There are three types of dc generators: shunt, series 
and compound. 


Motors change electrical energy to mechanical energy. They resemble 
generators in structure, but differ in their method of operation. The three 
types of motors are shunt, series and compound, depending on the way their 
field winding is connected to the armature. 


Torque and speed are very important in many applications of motors. 
Certain applications require high torque and variable speed. Others require 
constant speed. Because of their variable speed, dc motors are used in such 
applications as servomechanisms and variable speed machinery. Because of 
their high torque, dc motors are also used to drive the heavy loads 
encountered in electric buses, trucks and trains. 


A combined unit of motor and generator is called a dynamotor. In this unit, 
the motor is operated on a low dc voltage, and the generator usually delivers 
a high dc voltage. 


Failure of a motor in industry may cause a shutdown of many dependent 
departments. Motor repairs must be made promptly. It is better to keep all 
motors and generators in top working order at all times through preventive 
maintenance. This includes cleaning, adjusting, and lubricating all moving 
parts, and testing armatures and field coils. 


PART 2—AC MOTORS AND 
GENERATORS 


AC motors and generators play a very important role in the home and 
industry. You probably encounter ac motors in your daily routine, as they 
are part of most home appliances, and they power most of the equipment in 
industrial plants. The power delivered to most homes, factories and places 
of business is generated by power companies. Some industries generate their 
Own ac power, or at least maintain emergency standby generators. 
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AC GENERATOR OPERATION 


Because an.ac_generator develops alternating current, it_is commonly 
referred to as an ALTERNATOR Alistisions operate a4 ac sensi a 
are often called SYNCHRONOUS GENERATORS. Most power companies 
supply 60 Hz ac power. However, alternators can be designed to produce 
400 Hz ac power, or power at other frequencies that are desirable for a given 
application. The voltages and current ratings of alternators also differ from 
one application to another; therefore, alternators are constructed in a variety 
of forms. 


A Simple Alternator 


Alternating current continually changes value and periodically reverses its 
direction. Figure 2-1 shows a basic method of producing such a current. 
While alternators in practical use are more complex, they do operate on the 
same basic principles. 


The simple alternator of Figure 2-1 includes a magnetic field set up between 
the two poles of a permanent magnet, and a wire loop mounted on, but 
electrically insulated from, a rotating shaft. To complete the electric path, 


each end of the loop is connected to a copper collector sor Slip ring). The 
collectors are also mounted on, but electrically insulated from, the shaft. 


The_complete assembly of loop, collector_ri shaft is known as the 
TO i 
armature. Pressing against the rings, carbon or copper brushes make slidin 


connections between the loop and the external circuit. 


Inside the alternator, the electric circuit is from one collector ring, back 
along one side of the loop, across the back, forward along the other side of 
the loop to the other collector ring. The brushes and external load complete 
the circuit. Although the loop is rotated, the loop connections to the external 
circuit do not change because of the collector ring construction. The 
collector ring connected to side A of the loop always contacts brush 1, and 
the collector ring connected to side B always contacts brush 2, regardless of 
the position of the loop. 


Let’s look at the collector rings more closely. Because the collector rings are 
continu t switch the loop connections commutator 
iIn_a_dc_generator. This _is the main difference between most ac and de 


generators. 


Electromagnetic induction depends on the relative motion of a conductor in 
a magnetic field. In Figure 2-1, assume that the armature rotates at a constant 
speed in a clockwise direction as shown by the curved arrow near the shaft. 
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When the loop is in the position shown in Figure 2-1A, loop sides A and B 
are moving parallel to the lines of force; and no voltage is induced in the 
loop. With no induced voltage in the loop sides, brushes 1 and 2 are at the 
same potential, and there is no current in the external circuit. The wires 
across the front and the back of the loop and the wires from the loop to the 
collector rings are outside the magnetic field, and have no voltage induced in 
them. 


As the armature turns, loop side A moves to the right and down past the S 
pole, while side B moves to the left and up past the N pole. When the 
armature is in the position shown in Figure 2-1B, the loop sides move 
directly across the flux, and maximum voltage is induced in them. Applying 
the three-finger, left-hand rule, current is from the front of the loop to the 
back on side A and from the back of the loop to the front on side B. Tracing 
the circuit from one collector ring to the other, you will find that both 
voltages act in the same direction. The voltage between the brushes is the 
sum of the voltages induced in the sides of the loop, and brush 1 is positive 
with respect to brush 2. In the external circuit, electrons leave brush 2 and 
flow through the load to brush 1. 


Another quarter turn and the loop is in the position shown in Figure 2-1C. As 
in Figure 2-1A, the loop sides are now moving parallel to the flux lines, and 
no voltage is induced in the loop. 


As the loop moves to the position shown in Figure 2-1D, current is from 
front to back along side B and from the back of the loop to the front on 
side A. This is just the opposite of Figure 2-1B, so that brush 1 is negative 
and brush 2 is positive. In the external circuit, electrons leave brush 1 and 
flow through the load to brush 2. Another quarter turn brings the armature 
back to its original position, where the sides move parallel to the flux lines. 
As the loop is turned, the current in the load periodically reverses direction; 
therefore, it is an alternating current. As previously mentioned, the device 
shown in Figure 2-1 is called an alternator (or ac generator) because it 
generates an alternating voltage. 


Four loop positions are shown in Figure 2-1, which represent the two 
positions of maximum cutting and the two positions of zero cutting. As the 
loop rotates, the degree of cutting increases from zero (Figure 2-1A) to 
maximum (Figure 2-1B), and the amount of voltage induced in the loop 
increases accordingly. As the loop continues its clockwise rotation, the 
degree of cutting decreases from maximum to zero (Figure 2-1C), and the 
induced voltage decreases with it. 


The same holds true for the second half of the rotation, from the position 
shown in Figure 2-1C through the position shown in Figure 2-1D and back to 
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oe? 
A 


90° 


270° 360° 


the position shown in Figure 2-1A. The degree of cutting and the amount of 
induced voltage increase from zero (Figure 2-1C) to maximum (Figure 2-1D), 
and then decrease to zero (Figure 2-1A). 


A graph of the alternator output is shown in Figure 2-2. The curve shows the 
polarity of brush 1 with respect to brush 2, and the magnitude of the emf 
generated during one complete turn of the armature. The horizontal line 
through the center of the curve represents zero voltage. All points on the 
voltage curve above the line represent positive voltages, while those points 
below the line represent negative voltages. The letters near the curve 
correspond to the armature positions shown in Figure 2-1. 


A Four-Pole Alternator 


To generate practical amounts of power, most alternators have magnetic 
fields with more than two poles, and armatures with more than one loop of 
wire. In the four-pole alternator of Figure 2-3, the armature winding has two 
loops, each made up of a single turn or a coil of many turns. 


Figure 2-4 shows the pole arrangement of Figure 2-3. Notice the direction of 
flux lines. When a loop side passes directly in front of a pole, it crosses a 
maximum number of flux lines. When a loop side is exactly midway between 
an N and S pole, it is traveling parallel to the flux lines and does not cut any 
flux lines. 


Assume that the armature rotates counterclockwise at a constant speed. 
When the armature is in the position shown in Figure 2-3, the conductors cut 
directly across the magnetic flux anda maximum emf is induced in the loop 
sides. Loop sides A and B are adjacent to the N poles. Using the 
three-finger, left-hand rule, we see that current is from the front of loop sides 
A and B to the back. Loop sides C and D are adjacent to the S poles. Current 
is from the back to the front of the loop in sides C and D. Tracing the 
armature circuit from one collector ring to the other, the induced emfs are all 
in the same direction (series-aiding). The voltage hetweenthe-eoleetorrings 


is the sum of all the volta es, and collector ri j itive With-respect to 
collectorting 72, 


Se aE 


Rotation of the armature through one-eighth of a revolution, or 45°, brings 
the coil sides midway between the poles. At this point, the loop sides move 
parallel with the flux lines, and there is no induced voltage in the loops. 
Another one-eighth turn brings the loop sides directly opposite the magnet 
poles and maximum voltage is induced in the loops. However, the loop sides 
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that were adjacent to the N poles are now adjacent to the S poles, and the 
induction in them is reversed. Likewise, the induction is reversed in the loop 
sides that were adjacent to the S poles but are now adjacent to the N poles. 
As a result of the reversed induction, collector ring 1 is now negative and 
collector ring 2 positive. 


An additional 45° turn brings the loop sides to the position of zero induction. 
The next 45° turn brings the loop sides to the position directly across froma 
magnet pole. In four 45° movements, the coil side that was at the top has 
moved to the bottom. It is again adjacent to the N pole and the direction of 
induction is toward the rear of the loop side. Electrically, the conditions are 


the same as when the movement started. An electric cycle of 360° i 
completed for each half turn of the armature of a four-pole alternator. 
SR a ae ee 


Sd 


iS ns = | Na rae Ses ae re Ee 


The second half turn of the armature is the same as the first, and another 
electric cycle of 360° is completed. Thus, one complete mechanical revolu- 
tion of the armature produces tw les. There are two 
positive peaks and two negative peaks, or * FOUR R MAXIMUM VALUES 
FOR EACH REVOLUTION ina four-pole alternator, Eman tae 


ELECTRICAL 
eo 
o° 1g0° 360° 180° 360° 
- 
MECHANICAL 
DEGREES 


Figure 2-5 


The output of the alternator shown in Figure 2-3 is represented by the curve 
of Figure 2-5. This curve shows the polarity of collector ring 2 with respect 
to collector ring 1, and the magnitude of the emf produced during one 
complete revolution of the armature. Mechanical degrees are shown below 
the zero-voltage line, and electrical degrees are shown above the zero- 
voltage line. Comparing this curve with that of Figure 2-2 shows the effect of 
doubling the number of poles in an alternator. 


Alternator Frequency 


The number of cycles per second produced by an alternator is called its 
Be tesa (ooo a seh cree le) LO er aniieror rrequsnes oy cles per 
second, or cps, may still be in use. With respect to the alternators of Figures 
2-1 and 2-3, the two-pole alternator produces one electric cycle per armature 
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revolution, and the four-pole alternator produces two electrical cycles per 
armature revolution. Thus, the induced voltage passes through one cycle 
when the conductor is cut by the flux of one pair of poles. For an alternator 
having P poles, the cycles per revolution equals P = 2. 


Frequency refers to the number of cycles per second, while mechanical 
rotati red in revolutions per minute ). The armature 
speed must be divided by 60 to determine the speed in revolutions per 


second. 


The relationship between the alternator speed, number of poles and fre- 


quency is written as: 
Fe 7. 
P erp. Px rp 7 
f= — XS = p) 
Ke 2 60 120 my 


f is the frequency in hertz (or cycles per second), 
P is the total number of poles, and 
rpm is the armature speed in revolutions per minute. 


To show the use of the preceding equation, assume that the armature shown 
in Figure 2-1 rotates at a speed of 3600 rpm. Placing the known values into 
the equation gives: 


ie P X rpm 
120 


oe 2 x 3600 
120 


_ 7200 
120 


60 Hz (hertz). 


II 


If the speed of the alternator of Figure 2-3 is 3600 rpm, the frequency is: 
SEPexXrom 
120 


_ 4 x 3600 
120 


14,400 
120 


120 Hz. 
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As in all equations, the terms can be rearranged for greatest convenience as 


shown below: 


eet 20f 
meron) 


120f 


or rpm = 
P P 


(6) 


(7) 


To generate 400-Hz current at low speeds, the number of poles is increased 
as was done in Figure 2-3. For example, to generate 400 Hz ac at an armature 
speed of 300 revolutions per minute, the alternator must have: 


wi20t 
~ rpm 


120 x 400 


300 


48,000 


300 


160 poles. 


It is impractical to generate_very_hi s_of rotating 
alternators. For example, to generate a transmitter frequency of 108 MHz, at 


an armature speed of 5000 revolutions per minute, the alternator must have: 


120f 
rpm 


P= 


A practical way to generate hi requencies is to use an electronic 
oscillator. Mechanical alternators are limited_t i 


10NnSs. 


a 


Alternator Construction 


Zoek 


120 x 108,000,000 


5000 


12,960,000,000 


5000 
000 poles. 


One general type of alternator construction is shown in Figure 2-6. The 
magnetic field is produced by electromagnets mounted on the inside of a 
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DC APPLIED TO 
STATIONARY 


AC POWER TAKEN FROM 
ROTATING 

ARMATURE 

SLIP RINGS 
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cylindrical iron frame or yoke. A cylindrical armature turns inside the poles 
and is held by bearings mounted in housings attached at both ends of 
the yoke. The armature core and the field poles are laminated like a trans- 
former core to reduce the eddy currents caused by the changing armature 
current. 


Each field pole is wound with many turns of small wire made of a material 
that is easily magnetized. Adjacent poles must have opposite polarities as 
shown in Figure 2-4. The coils are connected in series so that when the 
current is through the windings, the desired polarities are obtained. For 
proper operation, the magnetic polarities must not change; therefore, the 


2 


windings are connected to a rippleless direct current, called the EXCITING 
an EE 


The exciting current source is usually a small dc generator or a synchronous 
polyphase alternator (whose output is rectified into dc with a small ripple). 
These sources, because of their use, are called exciters. There are also static 
exciters whi in no moving parts. The static excitérs contain trans- 
Pease 7 rape tear wh to provide a constant dc 
exciting voltage. The alternator can also bb SEPARATELY EXCITED. For 
convenience, the exciter usually is mechanically connected to the alternator 
shaft. In some alternators, the exciter may be driven by a separate motor or 


engine, depending on the needs of the installation. Some small alternators 
may use a storage battery as a source for the excitation current. 


Another way to obtain field current is to wind another set of windings on the 
‘armature and add commutator segments to the alternator. What we-teally 
have then is a small de generator wound on the Same frameas the alternator. 
The output of the dc generator is then used to supply field current for the 
alternator. Remember, once a generator has been run, a small all amount 0 of 
magnetism remains in the field poles. The magnetic field is ; initially small, an small, and 
buil Ss up in value as the the generator S éed increases. With this arrangement an 
alternator 1 is said to be be SELF- aoe ; 


Se esi: ssa 


The armature windings are placed in slots that run from one end of the core 
to the other. The coils are connected in series so that all of the induced 
voltages are series-aiding. Connections to the collector (or slip) rings 
complete the armature circuit. 


There are two clas f armature windings: half-coil type and full-coil type. 
In the alternator shown in Figure 2-3, there are four field poles and two 
armature coils. Thus, there is ?/, or !/, ar coil per fiel 


winding is called a half-coil type. The alternator of Figure 2-6 has six poles 
fen ghey er cap eee ata eet 
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and six coils, thus there is °/;, or 1 armature coil per pole, and the winding is 
called a full-coil type# ; 


Rotating Field 


Alternators can supply voltages that range from a few volts to several 
thousand volts, and currents that range from a few amperes to several 
thousand amperes. For example, an alternator used to power a small radio 
transmitter may deliver 40 amperes at 440 volts. In this example, all of the 
load current is carried by the collector rings and brushes, which are insulated 
to withstand the maximum output voltage. 


W. ly high voltages, arcin he collector rings 
and frame becomes a problem. One way to solve this problem is to use two 
or more sep ndings, img its own pair of collector rings and 


brushes. The windings can be connected in series outside the alternator to 
obtain the desired high voltage. In this way, each set of collector rings and 
brushes handles only part of the output voltage. 


To simplify collector ring and brush construction, heavy duty generators are 
built in a different manner. Electromagnetic induction occurs whenever a 
conductor cuts a magnetic field. One way to do this is to HOLD THE 
CONDUCTOR STATIONARY AND MOVE THE MAGNETIC FIELD 
PAST THE CONDUCTOR. In an alternator, this method of electromagnetic 
induction is accomplished by mounting the field coils on the rotating part of 
the alternator, and mounting the armature coils on the stationary part of the 
alternator. 


Figure 2-7 shows how most large alternators are constructed. This construc- 
tion method permits permanent, well-insulated connections to the stationary 
armature windings, regardless of how many there are. An advantage of this 
ce ig AE oem elled oy Fines dnd brushes to.cary 
only the dc field current_and_ voltages, which areé much lower than the 
Bete a cron ta ArOTueee aoa ie that no matter how many 


sets of armature coils there are, only two collector rings and brushes-are 


Pate eae ee aes 
heedea 


FIELD POLES 
ROTOR 
DC APPLIED TO 
THE ROTATING 


FIELD THROUGH 
SLIP RINGS 


FRAME 
AC POWER TAKEN FROM 
STATOR 


WINDINGS 
(NOT SHOWN) 


STATOR 


The field poles are fastened to a central rotating frame,-called-the ROTOR, 
: Ee = Py . 
which also supports the two slip rings. The external source applies the 
exciting current fo the collector rings. The field windings are connected in Figure 
series so that adjacent poles have opposite magnetic polarities. 2-7 
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This 3600 HP traction generator consists of two three-phase 
alternators. The output of the larger alternator is converted 
to dc by full-wave silicon rectifiers. The dc is then used to 
power dc traction motors. The smaller alternator provides 
power for fans and blowers. The photo on the left shows the 
rotor of the larger alternator. The photo on the right shows 
the end view of the 3600 HP traction generator. 


Courtesy Electro-Motive Division of General Motors 


The STATOR, or the stationary part of the alternator, is the armature. It 
consists of a slotted and laminated ring mounted on the inside of the frame. 
The winding in the slots looks like an armature winding from a de motor or 


generator. The winding consists of coils which are connected into groups to 
produce one, two or three separate outputs. 


e armature windings may be positioned around the alternator to produce 
oaeat Vila coche dr" Tenet rer a eae eee t_voltages that to ToL Teach their-peak-at-the-same instant. These 
pea repre li Ona ts Das a ae 
Se wo or more voltages of 
different phases are present at the same time, the result is called a 
Se A 


The voltage between the terminals of an alternator or motor or betw ce 
ower line wires 15 e LTAGE. For example, in the 


“polyphase system of Figure 2-8, the Tine voltages are E,, Eg and E-. The 


current in a power line wire or the current into or out of a terminal of an 
alternator or motor is called the LINE CURRENT. 


Neen ey IER 
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polyphase load, is known as a_PHASE. The voltage across a phase ofan 
alternator;meter- is called the PHASE_VOLTAGE. Likewise, the 
current in a phase is called the PHASE CURRENT. 


———$$$$——_____ 


Generating Single-Phase Voltages 


Single-phase generators can be made small because they don’t require many 
windings. This makes them a good choice for use in compact servomecha- 
nisms and other miniaturized equipment. 


a ae Praag volage, piesa 
shown by the curve of Figure 2-2, the output from the two-pole alternator of 
Figure 2-1 is a sinewave voltage. At any point during the cycle, only one 
voltage is present; therefore, it is a single-phase voltage. The device that 
generates the single-phase voltage is called a single-phase alternator. Despite 


the additional field poles and armature coils, the alternators of Figures 2-3, 
2-6 and 2-7 also produce single-phase alternating current. 


In general, any alternator which has the armature coils connected to provide 
only one electric circuit will generate a single-phase alternating current. 
Most of the electricity used for low-power devices is single-phase alternat- 
ing current power. 


Generating Two-Phase Voltages 


In a two-phase alternator, the armature coils are divided into two separate 
groups, each group having the same num uc ors. The alternator 


produces equal voltages at the terminals of each group; however, the 


voltages differ in phase by 90°. With this arrangement, the alternator output 


is a tWO-phase voltage. 


A simple two-phase alternator is shown in Figure 2-9, where a second loop 
has been added at right angles to loop A of the alternator shown in Figure 
2-1. The ends of both loops are connected to separate collector rings, each 
ring makes contact with a brush. This provides two distinct circuits which 
are labeled A and B. 


For each circuit, the voltage and current are similar to the alternator of 
Figure 2-1, and are represented by the curve of Figure 2-2. However, 
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because of the positions of the loops, loop A has maximum induction when 
loop B has zero induction, and loop A has zero induction when loop B has 
maximum induction. Although the voltages have the same magnitude, shape 
and frequency, they differ in phase by 90°, as shown in Figure 2-10. 


At the left of the figure, the voltage induced in loop A is zero while the 
voltage induced in loop B is maximum in a negative direction. As the 
armature turns 90°, the loop A voltage rises to maximum in a positive 
direction, and the loop B voltage decreases to zero. 


Another 90° turn causes the loop A voltage to decrease to zero and the loop 
B voltage to increase to its maximum positive value. During the second half 
turn of the armature, the loop A voltage increases to its maximum negative 
value, and then decreases to zero. Simultaneously, the loop B voltage 
decreases to zero, and then increases to the maximum negative value. 


At any point during the cycle, there are two separate voltages that differ 
in phase by 90°; therefore, the output is two-phase ac, and the device is 


called a two-phase alternator. Sometimes, the device is called a quarter- 
phase alternator because its two vo S differ in p - of 
a a a nr ae ene tn ae 


a cycle. 


parse ae 


Figure 2-11 shows a partial view of a two-phase alternator using a stationary 
armature and a revolving field. The solid-line coil develops one phase and 
the dashed-line coil develops the other phase. The moving field poles are 
electromagnets. We have omitted the field pole windings and the rest of the 
armature windings for simplicity. This figure simply shows how two phases 
are developed using this alternator. 


With the field passing through the position shown in Figure 2-11, induction is 
maximum in the phase represented by the solid coils. The sides of the 
armature loops are directly across from a field pole and are being cut by the 
maximum number of flux lines. The induction in the second phase, repre- 
sented by the dashed coil, is minimum. The lines of flux of the moving field 
travel parallel to the coil sides of the second phase. Thus, when the induced 
emf is maximum in one phase, the induced emf is minimum in the other 
phase. 


The two groups of coils may be electrically independent as shown in Figure 
2-12A or they may be connected together as in Figure 2-12B. Figure 2-12A is 


a two- four-wire system, while Figure 2-12B is a two-phase, three-wire 


system. 
ane ae 
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Any single-phase component, such as a simple transformer or a single-phase 
motor, will operate with either phase. For example, a single-phase motor will 
operate if it is connected to terminals | and 2 of Figure 2-12B. The motor will 
also operate if it is connected to terminals 2 and 3 of Figure 2-12B. However, 


o 


Generating Three-Phase Voltages 


A three-phase alternator has three separate groups of armature coils, each 


with one-third the total number of conductors. The alternator produces three _ 


equal voltages that differ in phase by 120°. 
Fe ee manatee es 


Figure 2-13 shows a simple three-phase alternator. The rotating armature has 
three loops spaced so that their corresponding sides are 60° apart. That is, 
there are 60° between sides A’ and B”, B” and C’, and C’ and A”. Likewise, 
there are 60° between sides A” and B’, B’ and C”, and C” and A’. 


Figure 2-14 


There are separate collector rings and brushes for each end of each loop; 
therefore, there are three separate circuits (A, B and C). When the armature 
turns, each loop generates a voltage similar to the one shown in Figure 2-2. 
However, because of the positions of the three loops, the maximum and 
minimum values of one voltage differ from those of the other two voltages 
by 120°, as shown in Figure 2-14. Note that curve A crosses the zero line at 
0°, curve B crosses the zero line at 120°, and curve C crosses the zero line at 
240°. 


The positions of the armature windings for a three-phase alternator with a 
moving field are shown in Figure 2-15. The solid lines represent coils for one 
phase. The dashed lines represent coils for the second phase. The dotted 
lines represent coils for the third phase. 
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Figure 
2-15 


MOTORS AND GENERATORS 


As in the two-phase alternat i three-phase alternator m e 
ena Si a I a shown in Figure 2-13, 
six wires are needed to deliver the energy when independent rotating 
armature coils are used. In practice, the coi s for the three phases 


are connected together in such a way that there are only three external 
ee ee 
wires. 


Delta Connection 


One method of interconnecting the coil groups of a three-phase alternator is 
shown in Figure 2-16. Because it looks like the Greek letter delta (A), this 
arrangement is called a DELTA CONNECTION. 


It may look as though the different phases are shorted so there is no current 
in the external load. However, this is not so. Referring to Figure 2-14, the 
voltage across any one phase at a given instant is equal and opposite to the 
sum of the voltages in the other two phases at that same instant. For 
example, at the 150° instant, curves A and B cross at a point midway 
between zero and the maximum positive value, and curve C is at the 
maximum negative value. Thus, the sum of the A and B voltages is equal and 
opposite of the C voltage. In the internal circuit, the effective voltage is zero 
and no current is in the coils. 


Referring to Figure 2-16, line terminals 1 and 2 connect to the ends of the 
phase B coils, terminals 2 and 3 connect to the ends of the phase A coils, and 
terminals 1 and 3 connect to the phase C coils. The voltage between any pair 
of terminals is equal to that induced in th ature windings o hase. 
nected alternator, the phase and the line 


b 


voltages_are equal. 


Because of the armature coil positions, the currents produced when an 
external load is connected to the alternator differ in phase by 120° and 
cannot be added arithmetically. Therefore, these currents must be added 


vectorially. As a result, the current in any one Tine wire is 1.73 times the 
curren Oae-phave—Fhe phase CurEMTisT =I .73, or .576 times the line 
a a a Re er ES Re 8 a eee, 


current. 


Y Connection 


The second method of connecting three-phase alternators for three-wire 


operation is the star or Y CONNECTION shown in Figure 2-17. Neutral 
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~point N could be-conneeted-te-an-earth_ground or to a fourth line wire in 


ertain applications. 


Referring to Figure 2-17, line terminals 1 and 2 connect to the end of phase 
coils A and B, placing these windings in series between the terminals. Phase 
coils A and C are connected in series between line terminals 2 and 3, and 
phase coils B and C are connected in series between line terminals 1 and 3. 


Like the phase currents of the delta-connected armature, the voltages across 
the coils-of-a. -Y-connected_ armature. _differ-in- phase by by 120°, “and are-added—— 
vectorially to determine the line volte voltage. The line vo voltage is is 1-73 times the 
phase voltage. The phase voltage is 1 i lesols 13506 576 times the tine voltage. 


ne 


AC MOTOR OPERATION 


AC motors are widely used in such applications as in clocks, appliances, 
tools and recording equipment. Some ac motors operate at a fixed speed 
which is determined by the frequency of the ac power. An electric clock 
keeps accurate time because it is synchronized with the alternating current 
that operates it. Record player or tape recorder speed is constant for the 
same reason. You will find many similar applications in industry. In this 
lesson, you will learn the principles and uses of these motors and generators 
built for ac operation. 


Synchronous Motors 


Like a de generator, which runs as a motor when the armature as well as the 
field is connected to a de source, an alternator will also run as a motor when 
connected to an ac source. A motor constructed on this principle runs in step 


with the ac source and is called a SYNCHRONOUS MOTOR. 


The speed of a synchronous motor is controlled by the frequency of the_ac 
power source. This does not mean, an, however, that the motor must run at the 
same speéd as the alternator producing this power. The speed of a 


synchronous motor depends upon 1 oles and the supply 


frequency. pee 
bina 
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Using Equation 7, the synchronous speed of the 60 Hz motor shown in 
Figure 2-18 is: 


120f 


rpm = 
P P 


120f 
Z 


120 x 60 


nN 


Many of the synchronous motors, especially the large ones, are not 
self-starting. They are brought up to the proper speed by an auxiliary device. 
Then, they lock in step with the supply, and run at a speed that depends on 
the supply frequency and the number of field poles. 


To show the starting and operating conditions of a synchronous motor, the 
brushes of the two-pole, single-loop motor of Figure 2-18 are connected toa 
source of single-phase, 60 Hz ac. To begin with, the loop is in the position 
shown in Figure 2-18A. 


When the applied voltage makes brush | negative and brush 2 positive, 
electrons flow around the circuit in the direction of the arrows. Using the 
three-finger, right-hand rule, the resulting torque tends to move the armature 
in a counterclockwise direction. However, before the torque can overcome 
the armature inertia, the ac polarity reverses, and brush 1 becomes positive 
and brush 2 negative. Now the electrons flow in the opposite direction and 
the torque tries to turn the armature clockwise. 


Thus, the turning force acts first in one direction and then the other, changing 
direction very rapidly. The armature may vibrate but it will not turn. This is 
why many synchronous motors cannot be started by the interaction of the 
flux of the field and armature alone. 


If the armature of a synchronous motor is rotated_at_a speed near its 
synchronous speed, it will lock in ste i oltage. The rotor is 
then carried around at synchronous speed by the interaction of the flux of 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


AC GENERATOR OPERATION 
A SIMPLE ALTERNATOR 
A FOUR-POLE ALTERNATOR 
ALTERNATOR FREQUENCY 
ALTERNATOR CONSTRUCTION 
ROTATING FIELD 
GENERATING SINGLE-PHASE VOLTAGES 
GENERATING TWO-PHASE VOLTAGES 


GENERATING THREE-PHASE VOLTAGES 


The ends of the rotating loop windings in an alternator connect to (a) 
commutator segments, (b) collector rings. 


The purpose of collector rings and brushes in an alternator is to change the 
connections between the rotating loop and the external circuit. True or 
False? 


In the three-finger, left-hand rule, the forefinger shows the direction of (a) 
current, (b) flux, (c) wire movement. 


The current in the load of Figure 2-1 periodically reverses direction. True 
or False? 


The alternator of Figure 2-3 generates two complete electrical cycles for (a) 
each mechanical revolution, (b) two mechanical revolutions, (c) one-half of 
a mechanical revolution. 


If an alternator has four poles and its armature rotates at 1800 rpm, what 
is the alternator output frequency? 


If an alternator has a 400-Hz output and its armature rotates at 4000 rpm, 
how many poles does the alternator have? 


The field windings of Figure 2-6 must be energized by (a) alternating 
current, (b) smooth direct current, (c) pulsating dc. 
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38. 


39. 


40. 


41. 


42. 


The stationary windings in a rotating field alternator are known as the (a) 
rotor, (b) stator, (c) field. 


In the two-phase alternator of Figure 2-11, the voltages in the two 
armature windings are maximum at the same time. True or False? 


In a three-phase alternator the output voltages are (a) 120° apart, (b) 90° 
apart, (c) in phase. 


In a delta-connected alternator, the phase and line voltages are equal. True 
or False? 


In a delta-connected alternator, current in one line wire is (a) equal to the 
current in one phase, (b) 1.73 times the current in one phase, (c) .576 times 
the current in one phase. 


In a Y-connected alternator, the phase and line voltages are equal. True or 
False? 


» 


field and armature. This will only happen, however, if the armature is 
brought up to speed by some external means. 


Assume that the armature of Figure 2-18 is revolving at a synchronous speed 
in a counterclockwise direction. At the instant shown in Figure 2-18A, the 
applied voltage is maximum and of a polarity that makes brush 1 negative 
and brush 2 positive. As a result, electrons flow back along loop side B and 
forward along loop side A. Applying the three-finger, right-hand rule, the 
resulting torque turns the armature counterclockwise. 


As the armature turns toward the position shown in Figure 2-18B, the 
applied voltage and the torque decrease to zero, but armature momentum 
carries the armature past the neutral plane. Just as the armature passes the 
position shown in Figure 2-18B, the applied voltage begins to rise, but this 
time brush | is positive and brush 2 is negative. Electrons flow back along 
loop side A and forward along loop side B. However, now the loop is turned 
over so that loop side A is approaching the S pole and side B is approaching 
the N pole. The torque has the same direction as before, and aids the 
counterclockwise rotation. 


Both the voltage and the torque increase until the loop reaches the position 
shown in Figure 2-18C, after which they decrease to zero. Because of its 
momentum, the armature does not stop when the voltage and torque are 
zero, but it moves past the position of Figure 2-18D. At this point, the supply 
voltage reverses polarity and provides a torque that keeps the armature 
moving in the counterclockwise direction. 


ALTERNATOR MOTOR 


Figure 2-19 


i ¢ motors, ac motors generate a counter emf in their armature 
conductors whe y are in Operation. This cou sés the supply 


voltage. To 1 1S ion, Figure 2-19 shows =pole, 
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single-loop devices connected together. The device at the left is an alternator 
and is driven counterclockwise at a steady speed by an engine or a motor. 
The other device is a motor that is turning at a synchronous speed. 


Using the three-finger, left-hand rule, the direction of induction in the 
alternator loop is back along the loop side near the N pole and forward along 
the loop side near the S pole. As a result, electrons flow around the circuit in 
the direction of the arrowheads. 


In the motor loop, electrons flow back along the loop side near the S pole and 
forward along the loop side near the N pole. Using the three-finger, 
right-hand rule shows that the resulting torque causes the armature to turn in 
a counterclockwise direction. As the armature turns, its conductors are cut 
by the field flux and have a voltage induced in them. Using the three-finger, 
left-hand rule shows that the direction of this induced emf is back along the 
loop side near the N pole and forward along the loop side near the S pole, as 
shown by the small arrows near the loop sides. 


Known as a reverse voltage, this counter emf opposes the applied voltage 
and limits the current. With identical loops turning at exactly the same speed 
and in the same relative positions, the applied and reverse voltages are 
exactly equal, and the armature current is zero. With no current in the 
circuit, there is no torque to keep the armature turning. 


However, bearing and air friction cause _the positi e motor loop to 
drop slightly behind that of the al tor loop. As a result, ihe reverse 
volta s the applied volta n_ 180°, so that_a instant, 


they are not exactly equal an and opposite. The differences of SP: cause 
current in the circuit. i 


DIFFERENCE 


BETWEEN 
APPLIED APPLIED AND 
VOLTAGE REVERSE VOLTAGE 


REVERSE 


VOLTAGE CURRENT 


o° 645° 30° 135 I8O° 225° Si 315° 360° 


Figure 2-20 
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Figure 2-20 shows the conditions in the motor when its armature lags behind 
the alternator armature by 22.5°. The scale across the bottom shows the 
angle of lag, both electrical and mechanical. The vertical scale at the left 
shows the percentage of maximum applied voltages. 


Starting at the left of the figure, the applied voltage curve crosses the zero 
voltage line at 0°, increases to the positive maximum at 90°, decreases to zero 
at 180°, increases to the negative maximum at 270°, and decreases to zero at 
360°. 


Because of the angular positions of the motor and alternator armatures, 
the reverse voltage lags the applied voltage by 22.5°. Thus, the reverse volt- 
age curve crosses the zero voltage line at 22.5°, increases to its negative 
maximum at 112.5°, decreases to zero at 202.5°, increases to its positive 
maximum at 292.5°, and decreases to zero at 22.5° of the next cycle. 


Although the curves of Figure 2-20 show the applied and reverse voltages as 


having the same maximum values, they are not equal and o ite: 
maximum reverse voltage level is always a little less than the maximum. 


J eee For example, at the 90° p jase, the applied voltage is 


oof its maximum, but the reverse voltage is only 90% of its maximum. It 


is the difference between the applied and reverse voltages that causes 


current | e_arma ; jations of this difference are labeled in Figure 
20. 


In the explanation of synchronous motor operation, the armature inductance 
was neglected and the current was assumed to be in phase with the applied 
voltage. In a regular armature however, the coil inductance may be large 
when compared to the resistance; therefore, the current lags the voltage. 
The dashed line curve of Figure 2-20 shows how the current lags the 
difference voltage. The current is almost in phase with the applied voltage. 


When-a_load is placed ona synchronous motor, the motor tends to slow” 


down. But as-seen-as_it does, the reverse voltage lags the applied voltage, 


ese eel a ea Ea cites tring thi Keeptthe-mmotan 
urning with a fixed lag angle at the sync speed. If the load is 
increased, the lag angle i €§ to permit more current and a higher 
torque. The torque increases as the lag angle increases until a maximum 


value is rea . Beyon t ; mown as pull-out torque, the lag 
angle and current increase, but the torque is lessand the motor stops. A 


synchronous motor usually runs with a displacement angle of about 20° to 
25° when it is carrying full load. 
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coil. A four-pole, two-phase synchronous motor is shown in Figt 


Two-Phase Revolving Field 


You remember that the alternator could operate with the rotor and stator 
conditions reversed—that is, the rotor providing the magnetic field and the 
stationary armature providing the ac output. The same is true of the 
synchronous motor. The alternating voltage can be applied to stationary 
windings while direct current is in the rotor coils. The action is basically 
the same as that just described except that the magnetic field must now 
rotate. 


The field coils of the motor do not move physically. They are mounted in a 
stationary frame similar to a dc motor. 


The ac variations in the fie 
. The 
windings on the left and right poles are in series across external terminals A, 
while the windings on the top and bottom poles are in series across external 
terminals B. In both circuits, the coil connections are arranged so that the 
current causes the inner pole faces to have opposite magnetic polarities. 


PHASE A CURRENT 
PONG SES) od Rea a Pet 


mee LN 


PHASE B CURRENT 


VUV INTENT 
LEVEL NEN LV 
TN 


SS aleco Om 
22.5- 67.5" Wl2i5" 1S7S 202,55 247.5 1292.5: 337.5 


Figure 2-22 


If the terminals A and B are connected to a two-phase supply, the resulting 
currents will be 90 electrical degrees apart as shown by the curves of Figure 
2-22. Each of these currents produces a magnetic field that passes through 
the rotor and the stator cores. To see the action a little more clearly, assume 
that the vertical scale indicates the actual number of magnetic lines 
produced by the current. 
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Figure 2-23 


At the 0° instant of Figure 2-22, the phase A current is zero, while the phase 
B current is at its maximum negative value. As a result, the magnetic field 
consists of lines between the top and bottom poles, with the bottom pole N 
as shown in Figure 2-23 (0°). Because the poles of circuit A have no magnetic 
polarity, the flux lines go straight across the gap as shown by the central 
arrow. 


At the 22.5° instant, the phase A current produces four lines and the phase B 
current produces nine lines. Like electrons, magnetic lines follow the path of 
least resistance. Therefore, some magnetic lines that leave the right-hand N 
pole bend upward and enter the S pole. Simultaneously, some of the lines 
that leave the bottom N pole bend to the left and enter the S pole. Figure 
2-23 (22.5°) shows the interaction of the two fields. The central arrow shows 
that the main part of the field goes at a slight angle, and not straight across 
the gap between the top and the bottom poles. 
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At the 45° instant, both phase currents produce seven lines. At this point, all 
of the lines that leave the N poles bend toward the adjacent S poles, as 
shown in Figure 2-23 (45°). As the cycle continues, phase A current increases 
and phase B current decreases. At the 67.S° instant, phase A current 
produces nine lines and phase B current produces four lines. At the 90° 
instant, phase A current is at its maximum positive value and phase B 
current is zero, and the resultant field is at right angles to that of the 0° 
instant as shown in Figure 2-23 (90°). 


Between 90° and 180°, phase A current decreases and phase B current 
increases. At the 180° instant, phase B current is at its maximum positive 
value and phase A current is zero. This condition is the same as that at 0°, 
but now the polarity is reversed so that the central arrow points downward 
rather than upward as shown in Figure 2-23 (180°). For the rest of the cycle, 
between 180° and 360°, the actions of the fields are repeated, but the 
polarities are reversed. 


The interaction of the fields produced by the phase A and B currents distorts 
the total field so that its direction changes as shown by the central arrows in 


Figure 2-23. Although the poles are stationary, the magnetic field revolves, 
and completes one revolution during each cycle of the ac supply. 


Three-Phase Revolving Field 


Revolving fields are also produced by a three-phase supply, when there are 
at least three pairs of poles. One arrangement of poles and connections fora 
three-phase synchronous motor is shown in Figure 2-24. 


Phase A is connected to the center and the bottom line wires to complete a 
circuit through the windings on the left and right poles. Phase B is connected 
to the center and top line wire to complete a circuit through the upper right 
and lower left pole windings. Phase C is connected to the top and bottom line 
wires to complete a circuit through the upper left and lower right pole 
windings. Tracing the circuit_shows that the field windings are delta-_ 
connétted. 7 a naar an 


~~ 


For any one phase the motor shown in Figure 2-24 is a two-pole motor. 
However, with a pair of poles for each phase a two-pole, three-phase motor 
results. Because the phase difference is 120°, the vertical coordinates of 
Figure 2-25 are drawn every 30°, instead of every 22.5° as in Figure 2-22. 
The left vertical scale of Figure 2-25 represents the phase current in am- 
peres. 
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Figure 2-25 


At the 0° instant, the phase A current is zero, the phase B current is a 
negative 8.6 amperes, and the phase C current is a positive 8.6 amperes. Asa 
result, the magnetic field consists of lines of force between the poles of 
phases B and C. Because the A poles have no magnetic polarity, no flux lines 
go to them. Thus, the general direction of the field is straight up and down as 
shown in Figure 2-26 (0°). 


Figure 2-26 


At the 60° instant, the current in phase C is zero, while in phases A and B it is 
8.6 amperes. The direction of the flux lines is shown in Figure 2-26 (60°). For 
the 120° instant, the current in phase B is zero, and the current in phases A 
and C is 8.6 amperes. The magnetic field has the direction shown in Figure 
2-26 (120°). Another 60° of rotation brings the flux to the position shown in 
Figure 2-26 (180°). This field is in the same position it occupies at 0°, but the 
polarity is reversed. For the rest of the cycle, the actions of the fields are 
repeated with the polarities reversed. 


For simplicity the rotor is not shown in Figures 2-21 and 2-24. The magnetic 
field of a rotor supplied with dc through brushes and slip rings would react 
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with the revolving fields of either Figure 2-21 or 2-24 to produce a torque. 
This torque turns the rotor in the same direction as the revolving magnetic 
field. 


Hysteresis Motors 


A HYSTER elf-starting motor using a cylindrical rotor 
1ade of a magnetic alloy. This alloy is usually cobalt stee Se 
tion, a hysteresis motor operates nchronous speed. For this reason the 


motor is sometimes called a HYSTERESIS SYNCHRONOUS motor. 


Hysteresis motors have many advantages. Operation of a hysteresis motor is 
_smooth and quiet. Also, a hysteresis motor has a high-starting torque, about 


equal to full-load torque. Because of this constant torque, a hysteresis motor 
will accelerate to the synchronous speed any load which it can operate at the 
synchronous speed. Hysteresis motors operate at_low efficiency, but the 


good speed characteristics usually outweigh this disadvantage. 
Pat OMRON DN WSETR EEC LENE 


There are basically two types of hysteresis motors. One type is designed to 
operate Toma single piece Salioe The athe ee eee 
phase source are commonly found in tape recorders, record changers and 


electric clocks. You will notice that all these uses require a constant-speed 
motor. 


In the single-phase hysteresis motor, the same starting problem exists as in 
other single-phase motors. A revolving field must be produced or the motor 
will not start. A shading coil or a deformed field ole is used to provide a 
shift in the AeTAIG: Once ate He operates on the 
principle of hysteresis, as will be explained later in this lesson, and 
accelerates with a high torque to the synchronous speed. 


Hysteresis motors which operate from a polyphase source are used primari- 
ly in industry, where larger amounts of torque are required. The following is 
a discussion on three-phase hysteresis motors. However, keep in mind that 
the same hysteresis principles which apply to three-phase motors also apply 
to single-phase motors. 


Hysteresis is a flux density lag behind the magnetizing force. As a result of 
hysteresis, the changes in e ial, lag the changes 
in the magnetizing force. If a solid cylinder of steel is used as a rotor 
betwéén a pair of magnetic poles, as shown in Figure 2-27A, the rotor 
becomes magnetized. The molecules in the steel arrange themselves along 
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the magnetic lines of force so that the axis of the magnetized rotor lines up 
with the axis of the field poles. The line A-B is the magnetic axis common to 
both the magnetizing field and the induced rotor magnetism. 


Figure 2-27 


If the field poles are rotated around the rotor, the molecules in the rotor 
change their position, as shown in Figure 2-27B. This change in position 
causes them to turn and line up with the new magnetic axis A’-B’. The 
molecules of steel resist this change in position; therefore, their movement is 
always a little behind the change in position of the field poles. The magnetic 
axis within the rotor therefore lags a few degrees behind the magnetic axis of 
the revolving field. This condition is shown in Figure 2-27C, where axis A-B 
is the magnetic axis of the field (rotating counterclockwise) which is being 
followed by axis C-D caused by the magnetism induced in the rotor. The 
angle X is called the lag angle. 

a, 


The polarity of the magnetism induced in the rotor is opposite to that of the 
field. The opposite poles attract and the rotor turns as it tends to line up the 
C-D axis and the A-B axis. As long as the field continues to revolve, the rotor 
will turn in an attempt to line up the magnetic axis. 


The ro e synchronous speed of the revolvin 


field. As long as the rotor is running slower than synchronous speed, it is 


Subject changing magn steresis will occur.. The rotor 


magnetic axi field magneti to—the 


hysteresis lag angle. This angle remai cause it depends on the 
magnetie-field;-whieh-also remains constant. 


i cae SEES OLE IS 


ee A A 


The torque developed by the rotor while building up speed _is caused by 


hysteresis. The torque will remain constant because the lag angle does n 
change. When the rotor reaches synchronous speed, it synchronizes with its 


_magnetic axis 2 d the axis becomes stationary with respect to the 


rotor. The magnetic conditions in the rotor become stable and hysteresis is ~ 
ee 
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This induction parallel shaft gear motor is available in ac or 
dc versions, and is designed for use where precise power and 
dependable repeatability of operation is required. The cuta- 
way view shows the gear train and parallel shafts. 

Courtesy Bodine Electric Company 


greatly reduced. Because of this, the molecules in the rotor are no longer 
subjected to changes of polarity caused by the magnetic field revolving 
around the rotor. The rotor now acts as a permanent magnet and is carried 
around at a synchronous speed by the interaction of the flux of the field and 


rotor. The lag angle adjusts to varying loads and becomes zero at no load. At 
this time the torque is also zero. et 


Fe 
preg ee ei a 


Because the-terque becomes zero when the lag angle is zero, the rotor 


cannot accelerate past the synchronous speed. The rotor Siways Stays. 
“synchronized with the rotating field until a load \s applied;at which time the 


just_lags behind the revolving field_a_little more. When the lag angle 
increases, the motor develops more torque and decreases the la angle. This. 
action happens instantanéously and the hys i or runs at a very > 


constant speed. 


Pa a ee 
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Induction Motors 


INDUCTION MOTORS are both rugged and dependable. They require only 
an alternating current for their operation. They are used to drive servo- 
mechanisms, appliances and machinery of all sizes. Ao eee 
operate because of the induced currents in their rotors. They are built for 
both single-phase se_and polyphase operation and can b be” used ¢ Over "a wide 


range of frequencies. 
BISQUCNCICS: 


nr rreenernennae 


The basic principle of induction motor operation is shown in Figure 2-28. 
The rotor consists of a copper cylinder mounted on a shaft and supported by 
bearings so that it can turn. The magnetic field is arranged so that it revolves 
around the armature. 


When the field poles turn in the direction of the curved arrows, the flux cuts 
the cylinder and induces an emf in it. Actually the field poles of Figure 2-28 
do not physically rotate. We have used the revolving magnets to represent 
the revolving magnetic field set up by a stator with polyphase windings. This 
action was shown in Figures 2-23 and 2-26. As previously discussed, 
induction is maximum in that portion of the cylinder directly adjacent to the 
poles, and minimum midway between the poles. In the plane of maximum 
induction, the armature looks like a closed or short-circuited loop, as shown 
by the dashed line in Figure 2-28. Why this loop is not directly across from 
the magnetic poles is discussed later. Induction causes current in the 
direction of the arrowheads. 


The outer surface of the cylinder is a continuous conductor. Not all the 
electrons follow the path indicated by the dashed line. Some of them flow 
from one end of the cylinder to the other along the surface outside the 
magnetic field, where induction is zero. 


The greatest amount of electron flow is along the dashed line path in the 
direction of the arrowheads. This current sets up a magnetic field at right 
angles to the field flux. The N pole of this field is at the bottom of the 
armature, and the S pole is at the top. Because unlike poles attract, the 
interaction of the magnetic fields produces a torque that turns the cylinder in 
the same direction as the revolving field. 


Son the flux cutting the 


armature to produce the armature current and flux. 
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Synchronous Speed and Slip 


The rate-at-whichthe field turns is known as the synchronous speed-of the 
motor. Thi epends on the fre d the number 


of poles per phase. The synchronous speed of a two-pole, two-phase motor 
operating from a 60-Hz supply is found by using Equation 7: 


_ 120f 
rpm =~) 


_ 120 x 60 
- 2 


7200 
yw 
= 3600. 


Fer iM uetion motor rotor always turns at aispeed slower thane 
field, so that enough torque is produced to meet the demand of the load. The 
difference between the rotor speed and the field speed is called : 
pupressed as & percentage of ihe SVHCMVORGUS Seed lip ie found Bre ¢ ; 


following equation: 


Ga ee ie (8) 


where: 


S is the slip in percent of synchronous speed. 
ss is the synchronous speed, and 
sr is the rotor speed. 


As an example, a four-pole motor operating from a 60-Hz supply has a 
synchronous speed of 1800 rpm, but the rotor speed is 1725 rpm. Under 
these conditions, 


1800 — 1725 
Si 1800 x 100 


15 
Bate hex 


4.1%. 
s the load incr he rotor speed decreases and the slip increase € 

greater the slip the more induction. This action increases the torque to meet 

TD Ae fede penne Te psy og RaW a nee ea ro 


7435 
70 


the demand of the load. When Se eee te Pest enema 


operates at a constant speed and slip until the loa 


Induction Motor Rotors 


A copper cylinder is shown in Figure 2-28, but as previously discussed, the 
current caused by the induced voltage has no definite path. The flux 
produced by the current is not all in the same direction; therefore, the torque 
produced on the armature is not very strong. More torque results if slots are 


cut in the cylinder surface, Not only does this keep the-current in ‘definite 


path: s to increase the torque, but it al it also reduces_the armature weight. 


In any motor, the torque depends on the armature current and the strength 
of the magnetic field. The magnetic field, ir in turn,depends on the-reluctance, 
or opposition to lines of force, of the gap between the magnetic poles. If the~ 
cylinder of Figure 2-28 is filled with iron, the reluctance will be reduced so 
that the magnets can produce a stronger field. As a result, induction is 
increased, there is a higher armature current, and a greater torque is 


developed. 


AY DIRECTION OF 
REVOLVING 


COPPER 
BAR 


Figure 2-29 


The_rotor of an induction motor consists of a laminated iron core with slots _ 


a 


around its outer rim. These slots contain a winding made of copper bars 
connected fo r at the ends by copper rings. Sometimes the bars and 
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rings are all cast in one piece. A rotor of this type, shown in Figure 2-29, is 


called aS EL-CAGE ROTOR. The rotor has no electri nnections 


to the field or the supply line. 
eR i SNS aa 


If the rotor of a two-phase or three-phase induction motor is acted upon by 
the revolving magnetic field, the flux will cut the rotor conductors and induce 
an emf in them. As shown by the greater concentration of arrows in Figure 
2-29, the flux density is greatest directly under the center of the poles; 
therefore, the induced emf is greatest at this point. This emf causes a current 
in the rotor conductors because they are short-circuited by the end rings. 


With the field turning in a counterclockwise direction as shown by the outer 
curved arrow of Figure 2-29, the three-finger, left-hand rule shows that the 
current direction is out of the conductors under the N pole and into those 
under the S pole. As a result of this current, a force is placed on the armature 
conductors. The three-finger, right-hand rule shows that the torque is in the 
same direction as the field rotation. 


ao 


If the rotor is free to turn, it will turn in the same direction as the field and 


~) tend to reach the same speed. However, as the rotor speed increases, the 
( rotor conductors are cut by the revolving field at a slower rate, which results 


in a decrease of current and torque. Upon reaching the same speed as the 
field, the flux stops cutting rotor conductors, which results in no induced emf 


\_ and no turning torque. 


Therefore inductio e 

ing field, even with no load. This is because a small torque is needed to 
overcome the bearing friction and other losses. As the mechanical load on 
the motor is increased, more rotor current is needed to produce the 


necessary torque. Because of the laws of electromagnetic inducti 
induced emf and current ar i cuttin the rotor 


_Speed_is reduced to increase them. In ordinary squirrel-cage induction 
motors, a change of rotor speed of about 5% is enough to produce the torque 
necessary to carry the full load. 


Another type of induction motor rotor has a winding, commutator and 
brushes like those of a dc motor or generator. However, the brushes are not 
connected to a voltage source. Instead, the brushes are electrically connected 
together. The brushes short-circuit the rotor windings as they pass beneath a 
field pole. When the field windings of this type of motor are connected to an 
ac supply, the induced emf causes a high current in the coils to which the 
brushes are connected, and a low current in the rest of the coils. As a result, 
the motor develops a very high-starting torque. When the motor reaches its 
normal running speed, a centrifugal switch short-circuits all of the com- 
mutator bars and the motor operates as a squirrel-cage induction motor. A 
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This cooling fan uses a three-phase inverted squirrel-cage 
induction motor. The rotor is located outside of the stator 
and it rotates with the fan. 

Courtesy Electro-Motive Division of General Motors 


motor of this type is called are induction-run motor, or simply 
caveats 


a repulsion-induction motor. _ 
ae ee oa 


Some fan motors are constructed with the rotor as part of the fan blade 
casting or assembly that revolves around the stator. These fans usually have 
one bearing and are mounted so that the axis of rotation is vertical (the fan 
moves the air up or down). 


Single-Phase Induction Motor 


In many locations polyphase ac power is not available. For this reason, 
many smaller induction motors are built to operate on single-phase ac. If 
external terminals A of the motor shown in Figure 2-29 are connected toa 
source of single-phase ac, the resulting magnetic field does not revolve. The 
polarity reverses during each succeeding alternation, but no emf is induced 
in the armature conductors and no turning force is produced. However, once 
the rotor is started, it will continue to operate and will gain speed until it is 
operating at its normal speed. 


OS Ow an induction motor can run wi i Id rather than a 
revolving one, assume that the top and bottom field poles of Figure 2-29 are 
connected to a source of single-phase ac, and that the rotor is spinning in a 


counterclockwise direction, as shown by the inner curved arrow. Because 
only one set of coils is energized, the field is stationary. 
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Because of the applied voltage, the field current has the waveform of curve 
A in Figure 2-22. At the 0° phase, the current is zero, there is no induction, 
and no torque is produced. However, the momentum of the heavy rotor 
keeps it spinning at an almost constant speed during this interval. A moment 
later, the current reaches maximum and a strong magnetic field is produced. 
Although the field flux is stationary, the conductors are moving, and an emf 
is induced in them as they pass the S and N poles. 


Because of this induced emf, electrons will flow in the same direction and 
magnetize the rotor core so that it has an S pole at the left and an N pole at 
the right. 


The rotor winding is highly inductive; therefore, the rotor current lags the 
rotor emf by neatly 50°. Thus, the maxtmmnr-thn-vale set op by The Torr 
current differs (by 90°) from the maximum flux value set up by the stator 
windings. Because the two fields are 90° apart, they act like the two fields set 
up by the stator windings of the two-phase motor shown in Figure 2-21. They 
combine to produce a rotating field that will drive the rotor in the same 


manner as in the two-phase motor. 


A single-phase motor of the type just described will run in either direction. 
depending on the way it is started. Single e-phase motors are usually made 
scl siting ByaprodnGme foc ok of-phase outputs from the same input. 
This is done to-produce a revolving field which starts the motor in the 
desired direction. 


Capacitor Motor 


PHASE - 
PHASE AC CAPACITOR One way of providing two-phase field excitation from a single-phase suppl 
if to connec one set of field windings direcily across the powerline and the 
ATTN, ‘other set_of field SCTE Sse ie linen series oa 
; racilts In HSCABACITOR MOTOR shown in Figure 2-30. Because 
capacitance causes the current to lead the applied voltage, there is a phase 
difference between the currents in the vertical and the horizontal coils. In 


eff approach the conditions shown by the curves of Figure 
2-22, ad the magnetic field they ‘produce turns at a synchronous speed. 


The revolving field acts on the rotor to keep it turning. A capacitor motor has 
high-s = . For thi ; ea 
for use in high-speed blowers, pumps, power tools and appliances. 


Figure 
2-30 


In the capacitor motor, the phase-splitting capacitor carries the current in C 
one set of windings all the time the motor is operating. Any leakage between 
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the plates will heat the capacitor excessively; therefore, a high-quality 
capacitor is used. 


Capacitor-Start Motor 


It_is possible to use the advantages of the capacitor motor’s high-starting 


torque only during the starting interval. A starter switch is connected in 
series with the phase-splitting capacitor and the motor winding. The switch 


is mounted on one end of the housing and one end of the rotor. Operated by 
centrifugal force, the starter switch opens the capacitor circuit when the 
rotor approaches its normal running speed. Thus, the motor starts as a 
twe-phase type and runs as a single-phase Spa 


When a switch is used to disconnect the capacitor, the motor is known as a 
ot UU Spe eS Oa in series with the capacitor are known 
as the s windings. Because the capacitor is only used for starting, it 
does not have to be a high-quality capacitor. The capacitor-start motor is 


most widely used in washing machines, dryers, furnaces, pumps and 
refrigerators. 


Split-Phase Motor 


ee meat a the currents 
in the two windings. In this instance, the coils of oné set of windings 
are wound with many turns of small wire and connected in series with a 
starter switch across the line. The higher inductance causes the current in 
one set of windings to lag the current of the other set of windings. As in the 
capacitor motor, the phase shift between the two currents produces a 
revolving field that starts the motor. When the rotor approaches its normal 
speed, a centrifugal switch opens and disconnects the starter windings. This 
type of motor is called a SPLIT-PHASE MOTOR. 
f Myarae nace 2 ola Veena eaten 


start motor and it can-be-used-in_the | same ‘applications. 


ete 


The split-phase motor-has-the_same general characteristics as a capacitor- 


Shaded-Pole Motors 


Still another method is sometimes used to obtain a phase shift for starting 
small motors. In the capacitor and split-phase motors, shifting the phase of 
the current in a second set of windings results in a shifting of the magnetic 
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SHADING COIL 


SINGLE- 
AC 


ARMATURE 


Figure 
2-31 


field. It is possible to shift the magnetic field at the pole by the method shown 
in Figure 2-31. 


The current in the main winding produces poles A-C and B-D as in the 
previous induction motors. However, pole tips C and D each have an extra 
winding. These extra windings, called SHADING COILS, are actually made 
up of one or more short-circuited turns of copper around each pole. A motor 
using this type of construction is called a SHADED-POLE MOTOR. The 
current induced in the shading coils causes the flux at poles C and D to lag” 
behind the flux at A and B. This lag produces a revolving fetdsthersfore-The 
motor bec = in Zhe starting torque is small: thereto 


motors are limited to light duty uses. They are simple to build and low in 
cost. 


Reversing Induction Motors 


he direction in which an i tor starts depends on the phase 
magnetic fields. The operating direction is reverse y 
reversing the connections Of any one set of windings. For example, the 
connections of the circuit A coils in Figure 2-29 are arranged so that when 
the bottom A terminal is positive, the bottom pole is S and the top pole is N. 
As a result, the magnetic field turns in a counterclockwise direction. 


If the polarities of the A terminals are left unchanged, but the coil 
connections to those terminals are reversed, the magnetic polarity will 
reverse also. Thus, the bottom pole will be N, the top pole will be S, and the 
resultant field will rotate clockwise. Because it is pulled along by the 
revolving field, the rotor also spins in a clockwise direction. 


Universal Motors 


A motor that is commonly used in small household appliances and small 
tools, such as mixers, sewing machines, electric drills and electric shavers, is 


the universal motor. A universal motor has brushes and a commutator, and 

ill operate on either ac-orde-Itis basically a series dc motor. The direction 
of rotation of o-series deals is the same regardless of the polarity of 
applied voltage, provided there is no change in the relative connections of 
the armature and field. Therefore, if the motor is connected to a single-phase 


ac source, the resulting torque is always in the same direction; and the motor 
operates using ac as well as dc. 


To illustrate the details of ac operation, Figure 2-32 Shows the electric and 
magnetic circuits of a two-pole series motor. During the ac supply alterna- 
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tion when terminal 1 is positive and terminal 2 is negative, electrons flow in 
the direction of the arrowheads in Figure 2-32A. With current in the 
direction shown, the left pole is N, the right pole is S, the bottom of the 
armature is N, and the top is S. Because of the attraction of unlike poles, the 
armature rotates. The three-finger, right-hand rule indicates counter- 
clockwise armature rotation. 


In the next alternation, the supply polarity reverses so that the electrons 
flow in the opposite direction as shown in Figure 2-32B. Now, the left pole is 
S, the right pole is N, the armature bottom is S, and the top is N. Although 
the current direction and magnetic polarities are reversed, the interaction of 
the two fields still produces counterclockwise rotation. 


Because they will operate from dc as well as 60 Hz ac, universal motors are 

found in many appliances. When operating under a heavy load, universal 

motors spark excessively, and may produce seri adio interferen 
eS ae oa 


———— 


POWER FACTOR 


eet or an alternating current circuit is the ratio of true power 
to apparent p ~For sinewaves, the power factor can also be expressed as 


the ¢osi f the phase angle (8) between the current and voltage, or pf = 


cos 6. 


With a resistive load, E and IJ are in phase, 0 is zero, and the power factor is 
1, or unity. As the circuit becomes inductive or capacitive, current begins to 
lag or lead the voltage. The power factor decreases to zero when 6 reaches 
90°. Therefor e power factor may have any value between zero and 1. 


~ 


Because the numerical value of the power factor is the same whether the } 


current leads or lags, you must always state if the current is leading or 


lagging. Generally, the term “lagging power factor”’ hat current lags 


For inductio the power factor depends ont indi 
ween the stator and rotor. At full load, the power factor is about .8 to 


.93, depending on the motor size and the number of poles. Squirrel-cage 
induction motors have starting power factors in the range of .3 to .4, while 


wound rotor types have starting power factors on the order of .6 to .65. The __ 


power factor of an induction motor is very low at light loads; therefore, it is 


esirable to select the motor so that itis well Ioade ér normal running 
conditions: 
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SINGLE-PHASE AND POLYPHASE 
CIRCUIT POWER 


For single-phase ac circuits, the true power in watts is given by the equation: 


fo \ 
(Pees x pr (9) 
where: 

P, is the true power in watts, 

I is the line current in amperes, 

E is the line voltage in volts and 

pF is the circuit power factor. 


To illustrate the power calculation, assume that the voltage is 440 volts, the 
current is 10 amperes, and the power factor is .9. The true power is: 

= 440 x 10-9 

= 3960 watts. 


In a two-phase ac circuit, each phase is treated like a single-phase circuit, 
an r is found by adding the indivi 
ee oe ee ie 


Electric instruments usually show the line voltage and current in a three- 
phase circuit. However, the phase voltage of a three-phase, Y-connected 
armature is equal to .576 times the line voltage. The true power developed in 


one phase is: ae 
———— 


Pe 8576 0¢-L. x EX pk (10) 
where: 


P, is the true power in watts, 

I is the line current in amperes, 
E is the line voltage in volts and 
pF is the power factor. 


If all of the currents and voltages are equal, the system is balanced, and the 
true power for all three phases is: 


P; = 3 X 576 X IX E X pF 


= 1./3.x 1% E.x-pF. 


For example, assume that the voltage is 440 volts, the current is 10 amperes, 
and the power factor is .9. The true power is: 
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y 


Py 


L732 Ix EVX pF 
12773" 10 X 440 x 9 
6850 watts. 


II 


If the load is unbalanced, the total power is the sum of the individual powers. 
Rie ey iat) epee ee CU OWES 


Because the phase current of a delta-connected armature is .576 times the 
line current, the true power for a delta connection figures out the same as for 
the Y connection, and the same equation can be used for both. 


EFFICIENCY 


A certain amount of the energy delivered to an alternator or motor is lost 


within the device in the form of heat. These losses may be summarized_as 
follows: 


Copper Losses—Power losses caused by current in the stator and rotor 
rN 


cores. 


Iron Losses—Power losses caused by eddy currents and hysteresis in the 


stator and rotor cores. 
Friction Losses—Power losses caused by the friction of the bearings and 
friction Of the air against the spinning rotor. 


The efficiency of an alternator or OL in percent, is given by the equation: 
/ \ 


\ 
\% eS ip i (11) 
A input / 


Fa 
a 


where the output and the input are in the same terms. 


The efficiency equation may also be written as: 


Ta ee emai SEER (12) 
input 


output 


LRA CA NE Cmca ment meneame ene Aa (6) UF (13) 
output + losses 


As an example, assume that the input to a motor is 5000 watts and the total 
losses equal 500 watts. What is the efficiency? 
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« 


5000 — 500 
 Eite= 5000 x 100 


_ 4500 . 
~ 5000 


= 90%. 


100 


AC generators and motors seldom operate at unity power factor. When 
calculating efficiency, the power factor must be considered. In addition, the 
mechanical power input or output usually is given in horsepower and must 
be changed to electric power. To show this type of calculation, assume that a 
440-volt induction motor draws 25 amperes at .8 lagging power factor when 
developing its rated output of 10 horsepower. What is the efficiency? 


First, calculate the electric power output (1 HP = 746W): 


10 < 746 watts 
7460 watts. 


Po 


Second, calculate the electric power input: 


= 8800 watts. 
Third, calculate the efficiency: 
7460 
% Eff. 3800 x 100 
= 84.7% 


The efficiency of induction motors at full load ranges from approximately 
85% for small motors to 92% for large motors. Hysteresis and shaded-pole 
ciencies, in somé ss than T%. 


MAINTENANCE OF AC MOTORS 


An ac motor does not differ greatly from a dc type. Mechanically, the ac 
rotor corresponds to the dc armature, so the bearing maintenance is the 
same. Some ac motors have commutators which need the same care as those 
in dc motors. Other ac motors have slip rings which must be cleaned the 
same as commutators. The brushes which contact these slip rings must be 
able to move freely in their holders. Starting switches used in split-phase and 
capacitor-type, single-phase ac motors must be kept clean and in perfect 
working order. If these switches fail to open, the motor will start, but will 
overheat and become damaged. 


Piao 
zz 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


43. 


44. 


AC MOTOR OPERATION 
SYNCHRONOUS MOTORS 
INDUCTION MOTORS 
UNIVERSAL MOTORS 
POWER FACTOR 
SINGLE-PHASE AND POLYPHASE CIRCUIT POWER 
EFFICIENCY 


MAINTENANCE OF AC MOTORS 


A large synchronous motor cannot start by itself because the ac supply 
reverses polarity before the motor’s magnetic fields can overcome arma- 
ture inertia and start turning. True or False? 


The voltage which causes a motor armature to rotate is the difference 
between supply voltage and reverse voltage. True or False? 


45. At values of torque below pull-out torque, when a larger load is placed on a 
synchronous motor, (a) torque increases, (b) torque decreases. 

46. In asynchronous motor, the field poles (a) actually move, (b) are stationary 
but because of a polyphase connection produce a magnetic field that 
rotates. 

47. The rotor of a hysteresis motor (a) has an even number of windings, (b) is a 
squirrel-cage rotor, (c) is a steel cylinder. 

48. A 400-Hz motor has 8 poles. At what speed does its field turn? 

49. An induction motor depends upon magnetic coils in the armature to 
produce flux. True or False? 

50. Why is the induced current in the rotor of Figure 2-28 shown to be lagging 
the rotating field? 

51. In a capacitor-start, split-phase motor, after a certain speed is reached, a 
centrifugal switch opens one set of windings and the motor runs as a 
single-phase motor. True or False? 
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52. 


5: 


54. 


a5. 


The rotation of an induction motor cannot be reversed. True or False? 
Why? 


A universal motor has (a) collector rings, (b) commutator segments, (c) 
neither. 


Assume that we have a three-phase induction motor with a power factor of 
.8. The line current is 15 amperes and the line voltage is 220 volts. What is 
the true power used by the motor? 


If a single-phase 4.5 horsepower induction motor draws a line current of 20 
amperes at 220 volts and has a power factor of .9, what is the efficiency of 
the motor? 


«€ 


SUMMARY 


Alternators are rotating devices used to generate alternating current. As in 
the case of dc generators, ac alternators with added poles are much more 
efficient than two-pole alternators. Alternators can be classed as either 

i -phase, two-phase or three-phase, depending 6 ps 
of armature coils. 


Motors convert electrical energy into mechanical energy. In certain applica- 
tions, more than one type of motor can be used to do the same thing. 
However, one type may be better than the other for a given application. 


Synchronous motors are constant-speed motors. They may not be self- 
Starting, and then must be brought up to synchronous speed by some 
external source. In applications where constant speed is needed regardless 
of load, synchronous motors are used. 


Induction motors provide constant speed over a wide variation of loads, and 
are both rugged and dependable. Because they are self-starting and run at 
constant speed, induction motors are used to drive many types of ma- 
chinery. 


Common t j -phase induction motors are capacitor, capacitor- 


start and split-phase. Capacitor motors operate with a capacitor in series 
with a Séparate field winding. Capacitor-start motors use a capacitor in series 
with the starter winding until operating speed is reached. Inductor-start, 
split-phase motors use the inductance of the starter winding to produce a 
rotating field for starting. These motors all have high-starting and pull-out 
torque. 


A distinct type of synchronous motor is the one called a hysteresis motor. 
This motor starts as a hysteresis motor and runs at a synchronous speed. In 
this way, both high-starting torque and constant speed are obtained. 
Hysteresis motors are used in tape recorders and other types of equipment 
that require constant synchronous speed. 
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IMPORTANT DEFINITIONS 


ALTERNATOR—A rotating machine designed to generate an alternating 
current. 


ARMATURE—The part of a generator or motor in which an emf is produced 
due to induction. Usually the rotating part of a dc motor or generator. 


ARMATURE REACTION—The interaction of the flux in the field and 
armature. 


BRUSH RIPPLE—Ripple in a generator output voltage caused by uneven 
contact between the brush and the commutator. 


CAPACITOR MOTOR—A single-phase induction motor with a two-phase 
winding, one set of coils of which is connected to the line through a 
capacitor. 


CAPACITOR-START MOTOR—A single-phase induction motor that em- 
ploys a capacitor in series with the starting windings only until operating 
speed is almost reached. At this speed, the capacitor and starting 
winding circuit is opened by a centrifugal switch. 


COMMUTATING PLANE—The plane at right angles to the magnetic field in 
which no voltage is induced in a conductor moving across the plane. 
Also called the NEUTRAL PLANE. 


COMMUTATING POLES—Small poles placed between the main field poles 
to reduce the rotation of the neutral plane with load variations. Also 
called INTERPOLES. 


COMMUTATOR—A ring of segments which provides switching of arma- 
ture connections such that the output current is always in the same 
direction. 


COMMUTATOR RIPPLE—Ripple in a generator output voltage caused by 
uneven voltage distribution between adjacent commutator segments. 


COMPOUND GENERATOR—A generator in which the field windings are 
partly in series and partly in shunt with the armature. 


COUNTER EMF (cemf)—The emf induced in the inductors of a motor 
armature when it is spinning in a magnetic field. 


CUMULATIVELY-COMPOUNDED GENERATOR—A compound gener- 
ator in which the flux of the shunt and series fields aid each other. 


CUMULATIVELY-COMPOUNDED MOTOR—A compound motor in 
which the flux of the shunt and series fields aid each other. 
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IMPORTANT DEFINITIONS (Continued) 


DELTA CONNECTION—The connection of a three-phase system so that 
the phases form a triangle like the Greek letter delta (A). 


DIFFERENTIALLY-COMPOUNDED GENERATOR—A compound gener- 
ator in which the series field flux reduces the shunt field flux. 


DYNAMOTOR—A special, highly efficient motor-generator set consisting of 
a common field and an armature with two or more windings, one to 
function as a motor, the others as generators. 


EFFICIENCY—The ratio of the output to the input of a motor or generator. 


ELECTROMAGNETIC INDUCTION—A voltage induced in a wire that is 
mechanically moved across a magnetic field. 


EXCITER—A small, self-excited dc generator for the specific purpose of 
supplying field current for a large generator or motor. 


FIELD RHEOSTAT—A two-terminal variable resistor connected in series 
with the field in shunt and compound motors and generators, or in 
parallel with the field in series motors and generators. The field rheostat 
controls the output of a generator and the speed of a motor. 


FLAT-COMPOUNDED GENERATOR—A compound generator with the 
field coils designed to provide the same rated-load and no-load voltages. 


GENERATOR—A device designed to produce electric energy from mechan- 
ical energy. 


HYSTERESIS MOTOR—A type of synchronous motor in which the rotor is 
a solid steel cylinder. 


INDUCTION MOTORS—AC motors which operate because of induced cur- 
rents in their rotor windings. 


INTERPOLES—See COMMUTATING POLES. 


LINE CURRENT—The current in a power line or the current into or out of a 
motor or a generator. 


LINE VOLTAGE—The voltage between two power lines or the voltage 
between two terminals of a generator or a motor. 


MOTOR—A device designed to convert electric energy to mechanical 
energy. 


NEUTRAL PLANE—See COMMUTATING PLANE. 
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IMPORTANT DEFINITIONS (Continued) 


OVER-COMPOUNDED GENERATOR—A compound generator in which 
the field coils are designed to give a higher rated-load voltage than 
no-load voltage. 


PHASE—A winding or branch circuit of an ac motor or generator forming 
part of polyphase load or source. 


PHASE CURRENT—The current in a phase of a polyphase motor, generator 
or load. 


PHASE VOLTAGE—The voltage across a phase of a polyphase motor, 
generator or load. 


POLYPHASE—Having or producing two or more phases simultaneously. 
PRINTED-CIRCUIT MOTOR—A dc motor using a printed-circuit armature. 


REGULATION—In a generator, the ratio of the difference between the 
no-load and full-load voltages to the full-load voltage. For a motor, the 
ratio of the difference between the no-load and full-load speeds to the 
full-load speed. 


ROTOR—The moving or rotating part of a motor or generator. 


SELF-EXCITED GENERATORS—Generators which provide their own 
field coil current. 


SEPARATELY-EXCITED—A generator or a motor which requires an 
exciter to provide the field coil current. 


SERIES GENERATOR—A generator in which the field coils are connected 
in series with the armature and load. 


SERIES MOTOR—A motor in which the field coils are connected in series 
with the armature and load. 


SHADED-POLE MOTOR—A single-phase induction motor with a squirrel- 
cage rotor which has shading coils on the field pole tips to facilitate 
starting. The shading coils are uninsulated, permanently short-circuited 
auxiliary windings offset in magnetic position from the main winding. 


SHADING COILS—Small short-circuited coils on one part of the tips of the 
field poles of an induction motor. 


SHUNT GENERATOR—A generator in which the field coils are connected 
in parallel with or across the armature. 
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SHUNT MOTOR—A motor in which the field coils are connected in parallel 
with or across the armature. 


SIMPLEX WINDING—A complete armature loop winding, traced from a 
commutator segment, through all of the conductors in the armature 
winding, back to the commutator segment. 


SLIP—The difference between the synchronous speed and the speed at 
which the motor rotor is rotating. 


SLOT RIPPLE—In a generator output voltage, ripple caused by interrup- 
tions of the magnetic flux when a slot passes the pole piece. 


SPLIT-PHASE MOTOR—A single-phase induction motor that uses the 
inductance of the starting winding to produce a rotating magnetic field 
for starting. 


SQUIRREL-CAGE ROTOR—An ac motor rotor that employs copper bars 
embedded in the iron core and connected together by end rings. 


STATOR—The stationary part of a motor or a generator. 
SYNCHRONOUS GENERATOR—AC generators or alternators. 


SYNCHRONOUS MOTOR—An ac motor that runs in exact step with the 
applied voltage. It has no slip. 


TORQUE—Any force that tends to cause rotation. 
UNDER-COMPOUNDED GENERATOR—A compound generator with the 
field coils designed to provide a lower rated-load voltage than no-load 


voltage. 


Y CONNECTION—The connection of a three-phase system so that the 
phases form a Y. 
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SS 


ESSENTIAL SYMBOLS AND EQUATIONS 


Voltage in volts 

Rated full-load voltage 

No-load voltage 

Frequency in hertz or cycles per second 
Current in amperes 

Total number of field poles 

True power in watts 

Power factor = cos 6 

Speed in revolutions per minute 

Slip in percent of synchronous speed 
No-load speed (rpm) 

Rated full-load speed (rpm) 

Rotor speed in revolutions per minute 
Synchronous speed in revolutions per minute 


Phase angle between the current and voltage 


Ew — Er 
Percent Regulation = as 100 
a 
SN 
Percent Regulation = a care x 100 
R 
P Efficiency = 2-2 =x 100 
ercent clency = Tap 


input — losses 


input 100 


Percent Efficiency = 


rpm PX rpm 


OE PX rpm 
ie Ot tGO 120 


(1) 


(2) 


(3) 


(4) 


(5) 
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ESSENTIAL SYMBOLS AND EQUATIONS 


(Continued) 
120f 
P = tpm (6) 
120f 
ip = 5 (7) 
ss) Sh 
5 = pemmerrrpres ns < 100 (8) 
P,. = 1 X:E X.pF (9) 
Pi = 576%: 1x EX pF (10) 
ER. = ee i00 11 
WR input * cd 
_ input — losses 
ET. = input x 100 (12) 
hh 100 13 
) o=* ~~ output + losses @) 
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14. 


15. 


16. 


17. 


PRACTICE EXERCISE SOLUTIONS 


. True—While this is not a practical generator, it does operate on the 


principle of electromagnetic induction. 


. (b) north pole to a south pole. 


. (c) upon the directions of both flux and wire movement.—As illustrated by 


the left-hand rule, the direction of wire movement and flux must be known 
to determine current direction. 


. (b) commutator. 


. A multi-loop generator provides a smoother dc output.—The more loops a 


dc generator has, the smaller the variations in its output will be. 


. True—In a generator with closed-circuit windings, the windings are 


connected in series. As the voltage in one winding decreases, the voltage in 
another increases to maintain a constant output. 


. The armature slots, the commutator and the brushes. 
. A cumulatively-compounded generator. 

. (b) in parallel with the field winding. 

. (a) in series with the field winding. 

. (c) wire movement. 

. (b) magnetic flux. 


. To reverse the current in the armature loop so the reactance of the flux of 


the field and armature will continue to turn the armature in the same 
direction. 


True—Counter emf is the result of electromagnetic induction. The left- 
hand rule shows that it opposes the supply voltage. 


(b) larger.—The counter emf increases as the armature cuts the field flux 
at a faster rate. 


(a) decreases.—Counter emf opposes the supply voltage, lowering the 
effective voltage which causes armature current. 


(a) the same direction.—All the torques produced by each armature 
winding aid in turning the armature in the same direction.: 
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18. 


19. 


20. 


21. 


22. 


23. 


24. 


25% 


26. 


27. 


28. 


29. 


Shunt motor.—Speed remains relatively constant with a change in load in 
a shunt motor. 


True—A decrease in load causes armature speed and counter emf to 
increase. Armature current decreases, lowering the field current and flux 
which will allow the motor to speed up more. This process could continue if 


the load continually decreases until the motor actually destroys itself. 


(a) maximum.—The resistance must be high to limit armature current to a 
safe value until the counter emf develops. 


True 
True 
(b) armature reaction. 


False—In the neutral plane the coil sides move parallel to the field flux, 
which results in minimum induction. 


True 
False—They should be in the neutral plane for minimum commutation. 


8.7%. 


Ey — E 
Percent Regulation = ee 


20 
= 339 * 100 = Approx. 8.7% 


80%. 


746 


1 HP = 746 watts; 1/2 HP = omy 373 watts 


input = E x I = 120 X 3.88 = 465.6 watts 


output 
input 


; 373 
Percent Efficiency = x 100 = 4656 7 Approx. 80% 


(b) collector rings ——Commutator segments are used in dc generators. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


30. 


31. 


32. 


33. 


34. 


J5% 


36. 


os. 


38. 


£ 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


False—Because the output of an alternator is ac, the rotating loop 
connections to the external circuit do not have to be changed. 


(b) flux. 
True 
(a) each mechanical revolution. 


PxXrpm_ 4 x 1800 7200 


60 Hz.—f = “790 ~=— = 420—S = 120 = 90 Hz 
120f 120 x 400 = 48,000 | 
12 poles.—P = rpm 4000. +4000: 12 poles. 
(b) smooth direct current.—The polarity of the magnetic poles must not 


change. Thus, rippleless direct current must be used. 

(b) stator. 
False—The voltage in one phase is maximum while the voltage in the other « 
phase is minimum. 


(a) 120° apart.—This is the result of the positioning of the armature 
windings. 


True 

(b) 1.73 times the current in one phase.—Current in one line is caused by 
the current in two phases. Because the phase currents are out-of-phase, 
they must be added vectorially. One line current is 1.73 times one phase 
current. 

False—The line voltage is 1.73 times the phase voltage. 

True 


True 


(a) torque increases.—Torque increases because the lag angle of the motor 
increases. This permits more current through the armature. 


(b) are stationary, but because of a polyphase connection produce a 
magnetic field that rotates. 


(c) is a steel cylinder. € 
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48. 


49. 


50. 


=i 


52. 


50: 


54. 


SD. 


120f 120 x 400 48,000 
6000 rpm.—rpm = Spaeee sc ges 6000. 


False—An induction motor does not have armature coils. 


The induced current in the rotor lags the rotating field because an 
induction motor depends upon flux cutting for its operation. If the rotor 
were turning at the same speed as the revolving field, no torque would be 
produced. The load and the friction of the motor keep the rotor lagging the 
field. 


True—One set of windings is used only for starting purposes. After the 
motor has reached a certain speed, a centrifugal switch disconnects it from 
the supply and the motor operates as a single-phase motor. 


False—The direction in which an induction motor rotor turns depends on 
the relation of the stator and the rotor magnetic fields. If one field is 


reversed with respect to the other, rotor rotation reverses. 


(b) commutator segments.—A universal motor is simply a series-wound dc 
motor that also operates on ac. 


Py 


I 


1.73 x I x E X pF 


73 <x 15 =< 220° x 8 


P, 
P, = 4567 watts. 

84.8%. 

1 HP = 746 watts 

Py = 746 Xx 4.5 = 3357 watts 

Py = E XI X pF 

Py = 220 x 20 x 9 = 3960 watts 


3357 
% Eff. = 3060 * 100 = Approx. 84.8% 
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MOTORS AND GENERATORS 


De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE. CHICAGO. ILLINOIS 60641 T435A 
ONE OF THE EX AMINATION 


(Bette HOWELL SCHOOLS | CHECK SHEET 


1. D-AGENERAICR WHICH MUST KEEP OUTPUT RIPPLE TO A MINIMUM SHOULD USE -- MANY 
ARMATURE LOOPS AND COMMUTATING SEGMENTS. 

Increasing the number of commutator segments increases the number of times that the induced voltage 
reaches maximum for every 360 electric2l degrees of armature current. The increased number of 
peaks reduces the ripple. 

2 D - ELECTRIC GENERATORS OPERATE ON THE PRINCIPLE OF -- ELECTROMAGNETIC INDUC- 


TION. 
When a wire is mechanically moved across a magnetic field, cutting the lines of flux, a voltage is induced 


in the wire. This principle is called electromagnetic induction, " 


3, A. THE SPEED OF A MOTOR IS USUALLY CONTROLLED BY VARYING THE -- FIELD CURRENT. 
Motor speed varies inversely with field flux, which results from the field current. Increasing the field 
current causes the motor to operate slower and vice versa, 


c 


4. A -WHEN A LOAD IS APPLIED TO A DC GENERATOR, THE NEUTRAL PLANE SHIFTS -- IN THE 
DIRECTION OF ARMATURE ROTATION. 
In motors, the neutral plane shifts in the direction opposite to armature rotation. 


5. B -THE MECHANICAL SWITCH THAT CONVERTS ALTERNATING CURRENT IN A GENERATOR 

LOOP TO DIRECT CURRENT IN THE LOAD IS KNOWN AS -- A COMMUTATOR. 

The commutator segments slide past the brushes. When one commutator segment contacts a brush, cur- 

rent exists from the brush to the commutator segment. When that commutator segment contacts the next 

brush, current now is from the commutator segment to the other brush. Because the brushes don't move 

current through them, it is always in the same direction. Consequently, there is an alternating current 

in the armature loop and a direct current through the brushes and the load. € 


6. C+ THE CURRENT IN ANY ONE LINE WIRE FROM AN ALTERNATOR WITH A DELTA-CONNECTED 
ARMATURE IS -- 1.73 TIMES THE PHASE CURRENT. 

In a delta-connected alternator, the positions of the armature coils cause the currents to differ in phase 

by 120°; therefore, the currents cannot be added arithmetically. Consequently, the currents must be 
added vectorially. As a result, the current in any one line wire is 1.73 times the current in one phase. 
The phase current is 1/1.73 or .576 times the line current. 


7. C-A MOTOR WHICH HAS A SHORT-CIRCUITED TURN OF COPPER AROUND A FIELD POLE TO 
PRODUCE STARTING TORQUE IS A -- SHADED-POLE MOTOR. 

A shaded-pole motor uses extra field pole windings, called shading coils, to obtain a phase shift for 
starting small motors. The shading coils are actually made up of one short-circuited turn of copper 
around each field pole. 


8. C-ANINDUCTION MOTOR THAT STARTS AS A TWO-PHASE MOTOR AND OPERATES AS A SINGLE- 
PHASE MOTOR IS CALLED -- A SPLIT-PHASE MOTOR. 

A split-phase motor is a single-phase induction motor equipped with an auxiliary winding, displaced in 
magnetic position from and connected in parallel with the main winding. There is usually a switch that 
disconnects the auxiliary winding when the motor reaches a predetermined speed. 


9. B-BY HOW MANY DEGREES DO THE VOLTAGES OF A THREE-PHASE ALTERNATOR DIFFER ? 
== 120% 

The number of degrees between the peaks of the voltages ina polyphase system is equal to 360°/N; where 
N is the number of phases. Ina three-phase system there is 360°/3 or 120° between the phases. 


| 

| 

10. B - FOR ONE MECHANICAL REVOLUTION OF THE ALTERNATOR IN FIGURE 2-3, MAXIMUM 

OUTPUT OCCURS -- FOUR TIMES. . 

For each mechanical revolution, each loop segment passes four poles, which produces four peaks in the 
voltage induced in that loop segment. 
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QUESTIONS 


IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: The purpose of a fan is to 
_1ESSON cove | A (A) pick apples. (B) make ice cubes. 


B 
7435A . me (CC) move air. (D) cut paper. 


A generator which must keep output ripple to a minimum should use 
(A) many turns in two armature slots. (B) a series-field winding. (C) a shunt-field winding. (D) many 
armature loops and commutating segments. 


Electric generators operate on the principle of 
(A) armature reaction. (B) counter emf. (C) motor effect. (D) electromagnetic induction. 


The speed of a motor is usually controlled by varying the 
(A) field current. (B) armature current. (C) armature voltage. (D) interpole voltage. 


When a load is applied to a de generator, the neutral plane shifts 
(A) in the direction of armature rotation. (B) toward an S pole of the field. (C) toward an N pole of the 
field. (D) in a direction opposite to that of armature rotation. 


The mechanical switch that converts alternating current in a generator loop to direct current in the load is 
known as 
(A) an armature. (B) a commutator. (C) a rotor. (D) a field. 


The current in any one line wire from an alternator with a DELTA-CONNECTED armature is 
(A) .576 times the phase current. (B) 1 + 1.73 times the phase current. (C) 1.73 times the phase current. 
(D) the same as the phase current. 


A motor which has a short-circuited turn of copper around a field pole to produce starting torque is a 
(A) split-phase motor. (B) capacitor motor. (C) shaded-pole motor. (D) capacitor-start motor. 


An induction motor that STARTS as a TWO-PHASE motor and operates as a single-phase motor is called a 
(A) universal motor. (B) single-phase induction motor. (C) split-phase motor. (D) compound motor. 


By how many degrees do the voltages of a three-phase alternator differ? 
(A) 60°: (B) 120°, (C) 90°, (D) 180°. 


For one mechanical revolution of the alternator in Figure 2-3, maximum output occurs 
(A) two times. (B) four times. (C) once. (D) six times. 
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QUESTIONS 


IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: The purpose of a fan is to 


LESSON CODE Ae] 
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B (A) pick apples. (B) make ice cubes. 
; = (C) move air. (D) cut paper. 


A generator which must keep output ripple to a minimum should use 
(A) many turns in two armature slots. (B) a series-field winding. (C) a shunt-field winding. (D) many 
armature loops and commutating segments. 


Electric generators operate on the principle of 
(A) armature reaction. (B) counter emf. (C) motor effect. (D) electromagnetic induction. 


The speed of a motor is usually controlled by varying the 
(A) field current. (B) armature current. (C) armature voltage. (D) interpole voltage. 


When a load is applied to a dc generator, the neutral plane shifts 
(A) in the direction of armature rotation. (B) toward an S pole of the field. (C) toward an N pole of the 
field. (D) in a direction opposite to that of armature rotation. 


The mechanical switch that converts alternating current in a generator loop to direct current in the load is 
known as 
(A) an armature. (B) a commutator. (C) a rotor. (D) a field. 


The current in any one line wire from an alternator with a DELTA-CONNECTED armature is 
(A) .576 times the phase current. (B) 1 + 1.73 times the phase current. (C) 1.73 times the phase current. 
(D) the same as the phase current. 


A motor which has a short-circuited turn of copper around a field pole to produce starting torque is a 
(A) split-phase motor. (B) capacitor motor. (C) shaded-pole motor. (D) capacitor-start motor. 


An induction motor that STARTS as a TWO-PHASE motor and operates as a single-phase motor is called a 
(A) universal motor. (B) single-phase induction motor. (C) split-phase motor. (D) compound motor. 


By how many degrees do the voltages of a three-phase alternator differ? 
(A) 60°. (B) 120°. (C) 90°. (D) 180°. 


For one mechanical revolution of the alternator in Figure 2-3, maximum output occurs 
(A) two times. (B) four times. (C) once. (D) six times. 
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Most modern Hi-Fi Stereo systems employ a special power 
amplifier circuit that eliminates the need for a speaker 
impedance matching transformer. 


Courtesy RCA, Consumer Electronics 
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POWER TRANSFER AND 
IMPEDANCE MATCHING 


Most electronic devices and circuits are designed to work best with certain 


ey . 
Common impedance matching devices include 


works, tuned circuits and sections of ission line. Tube and transistor 
circuits may also be used for impedance matching. 

The condition that exists when the load impedance does not have the desired 
value is called a MISMATCH. Some undesirable results of a misma 


A arin nedce ees respons €fficiency and less than 
£ nO 

the desired degree of power transfer from the source to the lo 

Sia ha ate eS ee 


SOURCES AND LOADS 


Common sources of electric energy include batteries, generators, phono 
pickups and microphones. In some cases, amplifiers, oscillators and other 
circuits may also be viewed as sources of electric energy. A load is the 
device or circuit which uses the energy produced by the so irce-Commion 
loads-inciude “Speakers; anleimas Gnd ample input circuits, The load 
impedance may be either resistive, reactive or some combination of the two. 
Usually, however, the load impedance is basically resistive and impedance 


transforming devices are usec increase or dec Tesistance 
increase or decrease~the Te 
presented to the source. M255 


To see how the load impedance affects a circuit, let’s examine a typical 
electric circuit. Most circuits can be simplified to a source, a load and 
conductors which connect the load to the source. Figure 1 is the schematic 
diagram of a circuit simplified in this way. Es represents the source voltage, 
Rs represents the resistance of the source and R, represents a resistive load. 
In Figure 1, the source is represented by a voltage generator. Common 
sources which may be represented in this way include: vacuum tubes, 
transistors, and ceramic microphones and pickups. 


The voltage developed across a resistance is directly proportional to the 
resistance if the current through it is held constant. Voltage sources often 
have a high internal impedance. Thus, if the load impedance of Figure 1 is 
small, most of the source voltage appears across the internal impedance of 
the source. Very little source voltage appears across the load. However, as € r\ 
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the load impedance is increased, more of the source voltage is developed 
across the load and less appears across Rg, the internal impedance. 


To develop a large voltage across the load resistance of Figure 1, R,, should 
be many times greater than Rg. If the resistance of the device used as the 
load is too small, an impedance transforming device can be used to increase 
the resistance to the desired value. 


Figure 2 shows another type of circuit. Rg represents the resistance of the 
source, and R,; represents a resistive load. The source I, is represented by a 
current generator. Common sources which may be represented in this way 
include dynamic microphones, electromagnetic phono pickups and some (is) 


Rs 


transistor circuits. Current sources of this type often have a very low 
internal impedance. 


In the circuit of Figure 2, the circuit current depends on the total circuit 

resistance. The value of R,; must be low in order for the source to generate a Figure 
usable amount of current. If the resistance of the load device is too high, an 2 
impedance transforming device can be used to decrease the resistance to the 

desired value. 


The load impedance can be rmed to a different value while the power 
remains constant. Power is equal to the product of voltage and current. 
Thus, a high voltage and a low current can give the same power as a low 
voltage and a high current. However, impedance is equal to the ratio 
between voltage and current. A high voltage and a low current indicates a 
high impedance, and _a low voltage and a high current indicates a low 
i ance. 


Source and Load Impedances 


Manufacturers specify optimum loads for many types of sources such as 
microphones and phono pickups. Some typical source impedances and 
recommended load impedances are as follows: A ceramic microphone may 
have an impedance of 250K ohms and a recommended load impedance of 
from 1 to 5 megohms. A dynamic microphone, on the other hand, has a very 
low impedance, usually around 20 ohms. 


Phono pickups have similar variations in impedance. Ceramic pickups have 
high impedances, around 500,000 ohms being typical. Electromagnetic 
pickups have low impedances, around 25 to 400 ohms. 
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A loudspeaker is a typical example of a load. The most common speaker 
impedance ratings are 3.2 and 8 ohms. Transformers are generally used to 
connect speakers to amplifier outputs. As explained later in the lesson, the 
transformer turns ratio is selected to present the desired load impedance to 
the amplifier output. 


Figure 3 lists typical input and output impedances for the three basic types 
of small signal transistor circuits. The input impedances the im 

“seen” by the source as it supplies power to the circuit. Figure 4 shows the 
relative input and output impedances for the corresponding tube circuits. 
The input and output impedances of the tube circuits vary over a wider 
range of values than do the impedances of the transistor circuits. Therefore, 
no values are given in Figure 4. The grounded collector and grounded plate 
circuits listed in Figures 3 and 4 are also called emitter and cathode 
followers, respectively. 


CIRCUIT INPUT OUTPUT 


GROUNDED 
CATHODE 


CIRCUIT INPUT OUTPUT 
OUN 
GROUNDED | s00-1000a | 30K-soKa 
EMITTER 
D 
GROUNDED IE eet 1 besooK-sdoid 
BASE 
COLLECTOR 


Figure 3 Figure 4 


Because of the differences in impedance characteristics, some amplifier 
circuits do not work well together in cascade arrangements. For example, 
referring to Figure 3, the output of a grounded emitter stage is a poor match 
to the input of a grounded base stage. On the other hand, the input and 
output impedances of a grounded collector transistor circuit closely match 
the respective output and input impedances of any of the other circuits. 
Therefore, a grounded collector transistor circuit can be used to match the 
output of a grounded base circuit to the input of a grounded emitter circuit. 
The output terminals of the grounded base circuit are connected to the input 
terminals of the grounded collector circuit, and the output terminals of the 
grounded collector circuit are connected to the input terminals of the 
grounded emitter circuit. 


Although the output of a grounded emitter stage is only a fair match to the 
input of another grounded emitter stage, this combination is frequently used 
without an impedance matching device. The voltage and power gains 
obtainable from cascaded grounded emitter amplifiers more than make up 
for the losses in power transfer due to impedance mismatching. 
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Maximum Power Transfer 


Maximum power is transferred from a source to a load when the lo 
impedance equals the source impedance. To see why this 1s so, assume that 


the-sourcé voltage Es of Figure 1 is 300 volts, the source resistance Rg is 100 
ohms, and the load resistance R, is variable from 0 to 300 ohms. 


Figure 5 shows the power, P,, dissipated by the load as R, is varied from 0 to 
300 ohms. R, is plotted in the horizontal direction and P, is plotted in the 
vertical direction. As an example of how the values for P, are obtained, 
assume that R, is adjusted to 100 ohms. The total resistance across the 
source of Figure 1 is Rs + R, = 200 ohms. 


[he circuit current is 

Es 300 
pees ON 5 
R+R ~ 200 amperes 


and the power dissipated by R, is I?R, = (1.5)? x 100 = 225 watts. 


The speaker shown above has a voice coil impedance of 
8 ohms. Impedances of 8 and 16 ohms are typical values 
for modern Hi-Fi speakers. 

Courtesy R. T. Bozak Mfg. Co. 
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SECONDARY 


PRIMARY 


A 5000 


BlI6Q 


From the graph of Figure 5, notice that maximum power is transferred from 
the source to the load when the load resistance is equal to the source 
resistance, 100 ohms, where the dot is on the curve. Thus, a load impedance 
equal to the source impedance provides maximum transfer of power. 


IMPEDANCE MATCHING WITH TRANSFORMERS 


The transformer is a common impedance transforming device. By choosing 


. . . SS SE 
€ proper turns ratio, the primary impedance can be made to match the 
source, I iMipedance matches the load: 
ernie 


For untuned audio-frequency transformers, the impedance measured across 
the primary can be found by multiplying the load impedance by the 
SQUARE of the turns ratio: 


( ‘ 7 N a \ 
Gags) 0 


where Z,» is the impedance measured across the primary, Zs is the secondary 
or load impedance, Np is the number of primary turns, and Ng is the number 
of secondary turns. 


This equation can be rearranged to the form 


which shows that the impedance ratio is equal to the square of the turns 
ratio. IF THE TURNS RATIO OF A TRANSFORMER IS 20/1, IT 


IMPEDANCE RATIO IS (20/1)? OR 400/1. 


One of the most common uses of transformers as impedance matching 
devices is at the output of an audio amplifier. Here, transformers are used to 
transform the impedance of the speaker to a higher value. To achieve the 
best compromise between power output, distortion and other characteris- 
tics, the load impedance connected to the output stage must be much higher 
than that provided by the average speaker. ee 
gtage is the impedance seen by the stage asi its load. 
ee 


ete 


As shown in Figure 6, the secondaries of a high quality audio output 
transformer often contain a number of taps. These taps are used to 
transform a variety of impedances to the desired value. For example, a 
single speaker with a voice coil impedance of 8 ohms would be connected 
between points C and E. Two 8-ohm speakers connected in series present a 
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total impedance of 16 ohms. Thus, two 8-ohm speakers could be connected 
in series between points B and E. Two 8-ohm speakers could also be 
connected in parallel between points D and E. (The equivalent impedance 
of two 8-ohm speakers connected in parallel is 4 ohms.) 


More than two speakers can be connected in a series-parallel arrangement. 
The impedance of the combination may be calculated and the speaker leads 
connected to the taps that most nearly match the calculated impedance. 


It is often necessary to locate a number of speakers over a wide area as ina 
theater. In systems of this type it is common to supply power to the speakers 
through a 500-600-ohm audio transmission line. The line may be connected 
between points A and E on the transformer of Figure 6. The speakers, in 
turn, are connected to the line through individual line matching trans- 
formers. 


IMPEDANCE MATCHING WITH RESISTORS 


Networks of fixed-resistors” S provide another-method-of matching the 
impedances of a source and a load. The main disadvantage of using j a resistor 


etwork in place of a transf wer due to hea 
_resisto 
Piensa 


In cases where Bp oni s orrere ee ae 
resistors can be connected as shown in e represents the 
source resistance, R,, is the load resistance, and F , and R, are the respective 
series and shunt resistances of the impedance matching network. Since R, 


and R, form an inverted L in the schematic, the circuit is called an L 
NETWORK. 


a 


Figure 
Vi 


The total resistance across the input terminals A and B of the L network 
with Rg disconnected is equal to the sum of R, and the equivalent resistance 
of R, and R, in parallel. Thus, in the form of an equation, the input resistance 
Ryy of the network is 


f R R ; 
Ro = RS 2AM D 
& : R, + Ry ( ) 


The output resistance between X and Y (with R, disconnected) is equal to 
the equivalent resistance of R, in parallel with the series combination of R, 
and Rg. In the form of an equation, Pa 


ss AR (R; + Rs) 3 
Rour = B+ (R, + Ry Y) 
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In_cases when the load impedance is high e source, the L 
btvatk MC Teneio Tis Vhiat easier RLF ae 
and the series resistor, R,, is connected in series with the load. The respec- 
tive equations for the input and output resistances of such a network are 


bo Ree Res, (4) 

"Re + (Ri + Ry) \ 

RR 
Ro 2 ee Rae Wi (5) 
Hind 1 Ra ae Rs 

Besides matching input and output impedances, resistor networks are also 
| hat require nearly constant input impe es. e 
netw educe the variations in input impedance caused by variations in 


the external load impedance. Such networks are called ISOLATION PADS. 


Figure 8 is the schematic diagram of one type of isolation pad. The isolation 
pad of Figure 8 is called aT NETWORK, since R,, R, and R, are drawn in 
the form of a “T’’. Rg represents the source resistance, R, and R, the series 
resistance, R, the shunt resistance, and R, the load resistance. The input 
resistance of the T network (with the source disconnected) can be found 
from the following equation: 


R, (R, + R,) 
a Ror MiSber lata le 
Ra Rit aeRO (6) 
Let’s see how such a network reduces variations in input resistance caused 
by variations in the load impedance. Assume that in the circuit of Figure 8 
Rs is 500 ohms, R, and R, are each 409 ohms, R, is 101 ohms and R, is 
500 ohms. Substituting in Equation 6, 


101 (409+ 500) 


T01 + (409 + 500) = 499.9 ohms. 


Ry = 409 + 


For one extreme case, assume that R, is shorted. This reduces R, to zero. 
Substituting in Equation 6, 


101 (409 + 0) 


Na 79? + Tor se 40d 0) 


= 490 ohms. 


For another extreme case, assume that the load is open or disconnected. 
This increases the value of R,, to infinity. In this case, the only complete 
circuit across the source is made up of R, and R, in series. The resulting 
input resistance is 


Ry = R, + R, = 409 + 101 = 510 ohms. 


Thus, changing the load resistance from zero to infinity (short or open) 
causes a change of only 20 ohms or 4% in the input resistance. 
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The following Practice Exercise questions cover the subjects which you have 


just 


studied. They are: 


SOURCES AND LOADS 


SOURCE AND LOAD IMPEDANCES 


MAXIMUM POWER TRANSFER 


IMPEDANCE MATCHING WITH TRANSFORMERS 


. A phono pickup is viewed as a (a) source, (b) load. 


. A triode voltage amplifier can be viewed as a generator with the source 


resistance in series with the generator and a load resistance connected 
across both the generator and the source resistance. Which of the following 
relationships will provide the greatest voltage across the load? (a) A load 
resistance less than the source resistance. (b) A load resistance equal to the 
source resistance. (c) A load resistance greater than the source resistance. 


. Which of the following types of microphones would most likely be 


connected to the input of an amplifier through a step-up transformer? (a) 
A ceramic microphone. (b) A dynamic microphone. 


. Ceramic phono pickups have (a) high impedances, (b) low impedances. 


. From an impedance matching standpoint, connecting the output of a 


grounded emitter transistor amplifier to the input of a grounded base 
transistor amplifier provides a (a) poor impedance match, (b) good 
impedance match. 


. What type of transistor amplifier configuration can be used to provide a 


good impedance match between any two other configurations? 


. To obtain maximum power transfer from a source to a load, the load 


impedance must be (a) equal to the source impedance, (b) twice the source 
impedance, (c) half the source impedance. 


. What type of impedance matching device is usually used to transform the 


impedance of a loudspeaker to the value required at the amplifier output? 
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9. 


10. 


The output stage of an audio amplifier requires a load impedance of 2500 
ohms. What is the turns ratio of the transformer required to transform the 
impedance of a 4-ohm speaker to this value? 


An audio output transformer has secondary taps labeled ground, 4 ohms, 8 
ohms, 16 ohms and 500 ohms. Give two ways of properly connecting two 8- 
ohm speakers to this transformer. 


POWER TRANSFER AND IMPEDANCE MATCHING 


Figure 9 shows the circuit of another type of isolation pad. This type of 
circuit is called . Notice how the arrangement of resistors 
R,, R, and R, resembles the Greek letter ~ Here, shunt resistor R, is 
connected across the input terminals A and B, shunt resistor R, is connected 
across the output terminals X and Y, and series resistor R, is connected 


between terminals A and X. This type of network is often used where the 


input and output impedances are low. 
a ee a UE a arrears | 


In the circuits of Figures 7 to 9, the series resistors are connected in only 
one side or line. Because the features of one side of the circuit differ from 


ee ren 


those of the other side, such a circuit is called an UNBALANCED NET- 


One, 9, 02 Pe > Sa a ee ae aaa 
WORK. In many cases, Circuits are required that have equal series resist- 


ances in both sides or lines. These circuits are called BALANCED N NET- 
WORKS. one 


The circuits of Figures 7 to 9 can be changed to balanced networks by 


placing half the series resistance in the lower line. Thus, the series resistance 
R, of Figure 7 may be divided into two equal parts, R,/2. These resistances 
are connected as shown in Figure 10, and the Mabslanecd L becomes a 
balanced U NETWORK. In the same way, by halving the Series resistances, 
the unbalanced T of Figu of Figure 8 becomes the ba d H network of Figure 11. 
Still following the same plan, the unbalanced a of Figure 9 becomes the 
balanced O NETWORK of Figure 12. Cn 


Figure 10 Figure 11 Figure 12 


When the source and load impedances are reactive, the networks of Figures 
7 through 12 may be made up of reactances, instead of resistances. The 
input and output impedances of such circuits are calculated in much the 
same way as for resistive networks. One difference between the input and 
output impedance calculations for the two circuits is that the phase angle for 
a reactive circuit may vary from 0° to +90°, whereas the phase angle of a 
resistive network is always 0°. Another difference is that the input_and 
output impedances vary with frequency in a reactive SS aN 
circuits of this type are rs. ae 
oye pence ae Sa Deca) ee eer eee 


¢ 


Itis ecessary to transfer energy from a balanced line to an unbalanced 


The term BALUN means BAL d to perform this task are called BALUNS. 
he term BALUN means BALanced to ‘UNbalanced.” "iy din tgeeer ee 
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TO ANT 


TO REC | 


Let’s take a look at a practical example of how resistors can be used for 
impedance matching and isolation. Assume that a number of television 
receivers are to be connected to the same antenna. Each television receiver 
has a balanced input impedance of 300 ohms. A transmission line carries 
the signal from the antenna to the receivers. The transmission line and 
antenna can be thought of as a source with an internal impedance of 300 
ohms. 


Figure 13 shows how resistors can be used to connect a number of receivers 
to a single transmission line. Resistors R, are placed in series with the 
receiver input terminals. These resistors in series with the receiver input 
terminals provide the proper load impedance for the transmission line. 


Resistors R, are equal in value to the receiver input impedances. They are 
connected across the line when the receivers are disconnected. In the 
circuit of Figure 13, resistors R, are substituted for the receivers by means 
of double-pole double-throw switches. This circuit may be used when all 
receivers have the same input impedance, and this impedance is equal to 
that of the transmission line. 


The value of resistors R, may be found by using the following formula: 


rR, =) (7) 


where R, is equal to the impedance of the transmission line and receiver 
inputs, and N is the number of receivers to be connected to the line. 


To illustrate the use of this equation, assume that you want to connect two 
receivers to a single 300-ohm line. As explained before, the input impedance 
of each receiver is also 300 ohms. Substituting in Equation 7, 


_ 300 2 — 1) 


R, 5 


= 150 ohms. 


With R, equal to 150 ohms, the total resistance of the receiver | input circuit 
is 150 + 300 + 150, or 600 ohms. The total resistance of the receiver 2 
input circuit is also 600 ohms. As far as the transmission line is concerned, 
the load resistance is 600/2, or 300 ohms. Thus, the load impedance matches 
the source impedance and maximum power will be delivered to the load. 


The resistors in_ seri ith the receiver inputs produce signal losses. Be- 
cause of these losses, not all of the signal available from the antenna is 
transferred to the receiver. These losses must be accepted when resistors 


are used in impedance matching and isolation networks. 
ea TTS aia Pi 


med 
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The antenna tuner shown above is designed to add in- 
ductance or capacity to an antenna system so that the 
correct load impedance will be presented to the transmitter. 

Courtesy James Millen Mfg. Co., Inc. 


IMPEDANCE MATCHING WITH 
RESONANT CIRCUITS 


Resonant circuits are also often used as impedance matching devices. 
a A se 


Their most common uses are to transfer energy from one tube or transistor 
stage to another and to transfer energy from a radio transmitter to an 
antenna. 


a" 


Figure 14 shows how a series LC circuit can be used to transform the re- 
sistance of a load to a smaller value. The input impedance is less than the 
impedance of the load. The load impedance is connected across the in- 
ductance, L, since the inductor is a high impedance. The reactance of 
capacitor C cancels that of the inductive portion of the parallel circuit at 
the frequency used. Thus, the input impedance, R,,, is purely resistive and 
is smaller than the load resistance. 


Figure 


At resonance, the impedan a circuit is maximum, and _is_ 14 
urely resistive. igure 15 shows how a tapped coil can be used to provide 


the desired resistance to the source. The-+mpedance between the tap_and 


the lower termi t bet S 
of the coil. This matches a high impedance impedance source. 
Also, as shown in Figure 16, a tapped capacitance can be used to provide 


a similar impedance transformation. 
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Figure 
19 


Figure 16 
Figure 15 


Figure 17 shows how a tapped coil can be used to match a low impedance 


load to a higher impedance sourcé: e load résista as a Very 
low value, it may be connected t ries with the coil as shown in Figure 18. 


The load of Figure 18 may be the actual load or it may be reflected into the 
circuit by transformer action. Since L and C form an inverted L in the 
schematic i called an L network. 


Figure 17 Figure 18 


Fig 19 is the schematic diagram of a 7 network. This type of network is 


often used to couple the output of a transmitterto-an ahtenna. The n 


is ofte is_often_used—fortlow to medium input and output impedances. These 
impedances are generally between 50 to 500 ohms. —~ 


The LC, portion of the 7 network of Figure 19 forms an L network like 
that of Figure 18. However, in the 7 network, the load resistance is reduced 
in value by C, just as L reduces the impedance of the load in the circuit 
of Figure 14. Thus, the inductance, L, of Figure 19 must be somewhat 
greater than that of Figure 18 to cancel the capacitance provided by a 


The 7 ne many advantages over the simple 
antages is greater harmonic attenuation. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


11. 


12. 


13. 


14. 


15. 


16. 


IMPEDANCE MATCHING WITH RESISTORS 


IMPEDANCE MATCHING WITH RESONANT CIRCUITS 


When an L-type network is used to match a low impedance source to a 
high impedance load as in Figure 14, the shunt arm of the network is 
connected across the (a) source, (b) load. 


A certain L network is made up of a series resistance of 80 ohms and a 
shunt resistance of 45 ohms. If a load resistance of 36 ohms is connected 
across the shunt resistance, the input resistance of the network is (a) 100 
ohms, (b) 50 ohms, (c) 25 ohms. 


An isolation pad helps to prevent changes in load impedance from af- 
fecting the source. True or False? 


The pad more likely to be used to isolate a balanced load from a balanced 
source would be (a) a T pad, (b) an H pad. 


In the circuit of Figure 14, the load resistance is shunted by an inductor 
to lower the resistance presented to the source. What is the purpose of the 
capacitance in series with the source? 


The impedance between the tap and the lower terminal of Figure 15 is 
(a) greater than the impedance between the two end terminals, (b) less 
than the impedance between the two end terminals. 
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17. Placing the load resistance in series with an inductor in a parallel resonant 
circuit, as in Figure 18, causes the impedance presented to the source to (a) 
increase, (b) decrease, (c) remain the same. 


18. In the 7 network of Figure 19, why must the value of L be greater than 
that required to form a resonant circuit with C, at the operating frequency? 


POWER TRANSFER AND IMPEDANCE MATCHING 


I 


TRANSMISSION LINES 


transmission li onsists of two or more conductors used to 
and low-frequency ac energy, you can think of the transmitted energy in 
terms of the current in the conductors and the voltages between them. At 


radio frequencies, however, it is often simpler to think of the transmitted 
energy in terms of electromagnetic waves. 


Transmission _lines-can-be-split into two Classés—eteetrically long lines and 
trically short lines. A i ine_is One in which the physical 
er than the wavelength of the 


transmitted frequency. a 


~ 


The photo above shows a cutaway view of a section of air 
dielectric coaxial cable. 


Courtesy Andrew Corp. 


The wavelength of mon 60-Hz power frequency is about 3100 
ee ee ee 
“Wavelength of an audio frequency of 15,000 Hz is about 12.4 miles. There- 

( ) fore, audio transmission lines, such as those used in public address systems 


and recording studios, are also electrically short. Telephone lines, on the 
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other hand, because of their length are good examples of electrically long 
transmission lines. Radio frequency transmission lines, such as those used 
to connect an antenna to a transmitter or receiver, are almost always 
electrically long. 


The resistance of a transmission line dissipates energy in the form of heat. 
Thus, not all of the energy applied to the line by a source reaches the load. 
For example, assume that a number of speakers are connected to a 500- 
ohm audio transmission line. Even though the speakers may have equal 
wattage ratings, those farthest from the source will receive less energy than 
those nearest the source due to the loss in the connecting lines. 


Basic Types of Lines 


Figure 20 shows two basic types of transmission lines. The transmission 
line of Figure 20A is made up of two parallel conductors. The spacing 
between the two parallel conductors is kept constant and the conductors 
are insulated from each other by an insulating material called the dielectric. 
This type of transmission line is often referred to as ‘““TWIN LEAD.” One 
variation of this construction consists of conductors separated at equal 
intervals by insulating spacers. 


INNER CONDUCTOR 


DIELECTRIC 


OUTER 
DIELECTRIC CONDUCTOR 


COVER 


CONDUCTORS 


Figure 20 


The transmission line of Figure 20B is called COAXIAL CABLE. In this 
type of line, a central conductor is mounted coaxially within a surrounding 
metallic covering. The central wire and the surrounding metallic covering 


form the two conductors of the line. The metallic covering may be flexible 
or rigid. The central conductor is held at the center of the outer conductor 


7440 
16 


C 


POWER TRANSFER AND IMPEDANCE MATCHING 


by means of a dielectric material, or by insulating spacers. The outer 
conductor confines the transmitted energy to the inside of the line. It also’ 


ene cmap 


serves as a Shield to prevent pickup of stray electromagnetic fields. As 
shown in Figure , a Coaxial cable may be protected by a weatherproof 


cover. 


Line Constants 


A changing magnetic awire cuts the wire and induces a counter 
= et aan aE ie] 
emf in it. Thus, the e conductors of a transmission | line have inductance. No 
material is a perfect conductor. Therefore, the conductors of a transmission 
line also have resistance. Since no material is a perfect insulator, the re- 
sistance between the conductors is less than infinite. A capacitor is made up 


of conductors separated by a dielectric. Thus, there is also capacitance 
between the conductors. 


Since these properties are_distributed throughout _thelength_of the trans- 
mission line, they are calle ributed constants. The inductance, re- 


seco ANE Nig! nie aI eee a 
sistance and capacitance of inductors, resistors and capacitors, respectively, 
are called lumped constants. 

—— re 


The properties of a transmission line may be stated in terms of a unit length 
of line. For example, a transmission line may have a capacitance of 30 
picofarads per foot. Thus, as shown in Figure 21, a transmission line can 
be thought of as being made up of a series of unit lengths. Each unit length 
has _a series ries inductance, a Series Tesistance, ¢ a shunt it resistance and a shunt 
capacitance. 


Figure 21 
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Characteristic Impedance 


Each unit length of Figure 21 has a certain impedance. As additional unit 
lengths are added to the line, the line impedance is reduced. However, each 
added length has less effect on the resulting impedance than the previous 
length. The resulting im infini ong line is called its CHAR- 
ACTERISTIC IMPEDANCE. This is the impedance presented to a source 
by an infinitely long line. —— 


The value of the_cha istic_i dance depends on the inductance, 
resistance and capaci haracteristics of the line. In turn, these char- 


acteristics depend on the size and kind of wire, the nature of the dielectric 
separating the wires and the distance between the wires. Changes in any 
of these factors change the characteristic infpedance. The characteristic 


1 i equency. 


Line Termination 


Although it is impossible to construct an infinitely long line, THE INPUT © 

A LENGTH OF LINE TERMINATED IN ITS 
CHARACTERISTIC IMPEDANCE IS EQUAL TO THE CHAR- 
_ Terminating a length of line in its char- 
acteristic impedance is the same_as_ connecting it to an infinitely long 
transmission line. The Source now works into the characteristic impedance 


of the Tine, and the Tine lossesare-minimum. 


——y 


A transmission line inated in a load equal to its characteristic impedance 
is called a NONRESONANT LI current in a nonresonant 


line are always in phase. Tn ai nonres ine all of the ené ransmitted 
along the line is absorbed by the 1 ra small amount dissipated 


In the tne. 
SaaS Un 


A transmission_li inated in_a load which is not equal to its charac- 
ter dance _is RESONA +. When the voltage and 


current waves reach the end of a resonant line, the energy is not absorbed 


c etely by : > some of the energy is reflected back towar 
sean a eee a ar ren The 
transmi écted waves move at the same speed, but in opposite 


directions. Due to the addition and subtraction of the two waves, at certain 
points along the line the voltage and current are minimum. Midway be- 
tween these minimum points, the voltage and current alternately rise to ~ 
maximum positive and negative values. Because they are out-of-phase, is | 
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the voltage and current minimums do not occur at the same point. The same 

is true for the maximums. Since they do not move along the line, these 

variations in voltage and current are called STANDING WAVES. 
—e 


Foro FWD 2000 2000 200 um 
REFL 2000 200 200 


rr 
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Ms MANUFACTURING INC. WAYLAND, MASS. 


SOARS 


The reflectometer shown above determines the SWR by 
measuring the forward and reflected power. 
Courtesy Waters Manufacturing Inc. 


Standing Wave Ratio 


The_ratio between maximum _and minimum values of the standing waves is 
called the ST NG WAVE RATIO. The term standing wave ratio is 
abbreviated SWR. The SWR of a line can be expressed in the form of an 
equation as: 


SWR aa Ewax — Tax (8) 

MIN Ivan 
The SW e is a measure of the degree of mismatch between the trans- 
mission _li s load. For example, if the line is terminated in its char- 


acteristic impedance, there are no standing waves and no maximum and 
minimum values of voltage | and current. Or from another viewpoint, the 
value. ing to Equation 8, this gives an SWR of 1. This is the lowe xe 
possible SWR obtainable. The piandine wave ratio is often expresse 
respect to the perfect SWR of 1. For example, if the SWR is 2.5 it 
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TRANSMISSION LINE 
SOURCE 
SHORTED END—™ 


The SWR can also be expressed in terms of the characteristic impedance 
Z, and the load resistance R, as follows: 


boos Ty 
( SWR =F, or 7 (9) 


Two forms of the equation are given so that the SWR may be expressed by a 
number greater than 1. To do this, the larger value is divided by the smaller 
value. 


Line Sections 


Assume that a section of transmission line is terminated in a short circuit, 
as shown in Figure 22A. No voltage can be developed across a short circuit, 
but the current through a short circuit is maximum. Thus, the voltage. 
the shorted end. 

———$$——__ 


Figure 22B shows the voltage and current standing waves along the line. 
The voltage standing wave is represented by the solid line. The current 
standing wave is represented by the dashed line. Since we are only inter- 
ested in maximum and minimum values, both the positive and negative 
alternations are drawn upward on the graph. The left edge of the graph in- 
dicates the voltage and current standing waves at the source. The right 
edge of the graph indicates the voltage and current at the shorted end. 
The voltage and current at the shorted end will remain the same, no matter 


how Tong the-line, Hosever, the vollage and current at the source will Vary” 
with ihe engi hiennes  )  e ai 


At any point along a transmission line, the impedance (Z) is equal to E/I. 
In a nonresonant line, the ratio of voltage to current is the same at all points. 
Therefore, €qual to the characteristic 1m 
points along the nonresonant line. 

er 


On the other hand, fefores tne line pts ee 4 Reem tee Oe 
along the line. Therefore the line impedance of the resonant liné 

the shorted end. Peat ea clara 
SHORTED END IS MINI . However, at a point located_one- 


quarter wavelen ack from the shorted en iS maximum and I 


; is minimum. Since maximum volta e and minimum Sareal are character- 
s of a hr é, t maximum. 
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Figure 23A shows a section of transmission line terminated in an open cir- 
cuit. Figure 23B shows the voltage and current standing waves along the 
line. The current standing wave is minimum at the open end and the voltage 
standing wave is maximum. Thus, the impedance is maximum at the open 
dofa transmission line. At if pointonequurtsinwayclenath DaCk irowrine= A 


and I is maximum. Thus, E/I = Z is minimum at 


this ane 


INDUCTIVE CAPACITIVE INDUCTIVE CAPACITIVE 


a il ake 
cesupee 


3n 
2 4 
fal Ws 


LOW Z HIGH Z LOW Z HIGH Z L 


Exy 
4 


Fo 


Figure 24 


Figures 24 and 25 show how the input impedance of both a shorted and open 
line varies with length. The double-arrowed vertical line of Figure 24 is a 
movable shorting bar. The bar may be moved back and forth along the line 
to vary its effective length. 


Assume that the shorting bar is moved from the source to the A/4 (one- 
quarter wavelength) point. To the source, the line acts or looks like an 
inductive reactance of increasing magnitude as the shorting bar is being 
moved. In Figure 24, this is illustrated by the coil symbol above the trans- 
mission line between 0 and A/4. AT EXACTLY ONE-QUARTER WAVE- 
LENGTH ()/4) from the source, the line acts like a very high impedance, 
oa PARALLEL RESONANT CIRCUIF—This is indicated below the 
line at \/4. Moving toward \/2 from 4/4, the line acts like a capacitive 
reactance of decreasing magnitude. “AT EXACTLY ONE-HALF WAVE- 
LENGTH (0/2), the line acts like a SERIES RESONANT CIRCUIT 


or a low impedance to the source. — 
a tall mls aban ne 
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Between )/2 and 3)/4 the line again acts like an inductive reactance of 
increasing magnitude to the source. AF-EXACTLY 3/4 it _again acts 
like a PARALLEL RESONANT CIRCUIT to the source. “Moving from 
3/4 to Ait again presents a decreasing capacitive reactance to the source. 


CUTT, presening avery tow impedance tothe soue RESONANT CIR- 
CUIT, presenting a very low : impedance to the-source>”——S 


a cad 


CAPACITIVE INDUCTIVE CAPACITIVE INDUCTIVE 


Seenene 


SOURCE 


RS pee cee 
ExY|-—-- 


| 
| 
| 
| 
d 
re) 4 r 
ai 
HIGH Z LOWZ HIGH Z LOWZ HIGH Z 
Figure 25 


The line of Figure 25 is terminated in an open circuit. The variations in 
impedance osite to those along a short- 
circuited line. As the length of the open-circuited li eased from 0 
to A/4, it presents a decreasing capacitive reactance to the source. At 
exactly \/4, the line acts like a series resonant circuit presenting a very 
low impedance to the source. 


From )/4 to 4/2, an increasing inductive reactance is presented to the source. 
At exactly 4/2, the line acts like a parallel resonant circuit. A decreasing 
capacitive reactance is presented to the source from N2 to 3A/4. At 3A/4 
the line again acts like a series resonant circuit. From 3)/4 to X, the line 
again acts like an increasing inductive reactance to the source. At J it is 
again equivalent to a parallel resonant circuit. 


Different lengths or sections of transmission line are often used as circuit 


ic i nt. Various values of inductance and capac- 
itance and both series an él resonant circuits are obtaine dy choosin 
a line o suitable Teng i Ieures 24 an ee Thes Sec- 


equired values of inuncienes and capacitance are res aT to be rovided 
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b ordinary components. Furthermore, the Q’s of transmission line see— 


d than those of ordinar circuit eoniponepeasehoce 
sections could be e in low also, but are imprac- 


tical because _of the excessive lengths required. 
MCE eee UE 


The device shown above is referred to as a ‘“‘Dummy Load.” 
It is a special noninductive 50-ohm resistor which is used 
in place of the regular antenna during radio transmitter 
tests and adjustments. 


Courtesy Heath Co. 


Impedance Matching with Line Sections 


In many ways, a one-quarter wavelength section of transmission line acts 


a one-quarter WV 
like a transformer. For example, referring to Figures 24 and 25, although a 


one-quarter wavelength section may be terminated in a short circuit, it 
presents a high impedance to the source. A one-quarter wavelength section 
terminated in an open circuit presents a low impedance to the source. The 
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relationship between _the-tload-impedance_and the input impedance of a 
Pes i ees . a ees 
quarter-wave section is given by the equation 


& 2 = 7 #) (10) 


where Z,,_ is the impedance looking into the line, 
Zour is the impedance of the load, and 
Zo is the characteristic impedance of the line. 


Equation 10 can be rearranged to the following form: 


hi ~ 
i Zo = VZy X Zour (10a) 
This form of the equatiomn-can-be-used. tch two given impedances, such 
as a source and a load. This can be done by connecting the two impedances 


together with a quarter-wave transmi i Characteri 
impedance equ re root of their product. 
So gS ee ee (OOF. 


SUMMARY 


Most electronic devices and circuits work best with certain values of load 
impedance. If the load impedance is not the desired value, an impedance 
matching or transforming device may be used to transform the load imped- 
ance to the desired value. 


A mismatch between the source and the load may result in distortion, re- 
duced frequency response, loss of efficiency and less than the desired 
degree of power transfer. Maximum power is transferred from the source 
to the load when the impedance of the load matches that of the source. 
This value of load impedance, however, may not be the best value for other 
desirable characteristics. The best value of load impedance is often chosen 
as a compromise of many characteristics. 


Common impedance transforming devices_include—tr esistor 
networ sonant circuits and sections of transmission line. Common tube 


and transistor circuits Used for impedance matching include the cathode 
follower and emitter follower (grounded plate and grounded collector). 


A transmission line consists of two or more conductors used to transfer 
electric energy from one point to another. The characteristic impedance of a 
transmission line is equal to the input impedaiioe oF That ineli@ severe ta 
finitely long. The racteristic impedance of a transmission line depends 


Se eccea? 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


19. 


20. 


zi, 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


TRANSMISSION LINES 
BASIC TYPES OF LINES 
LINE CONSTANTS 
CHARACTERISTIC IMPEDANCE 
LINE TERMINATION 
STANDING WAVE RATIO 
LINE SECTIONS 
IMPEDANCE MATCHING WITH LINE SECTIONS 
Briefly describe the physical makeup of coaxial transmission line. 


If the two wires of a parallel two-wire transmission line are moved farther 
apart, what is the effect on the characteristic impedance of the line? 


What effect does the length of a transmission line have on its character- 
istic impedance? 


What is the phase relation between the current and voltage in a nonres- 
onant transmission line? 


What type of termination produces a nonresonant transmission line? 


Standing waves are present on (a) resonant transmission lines, (b) non- 
resonant transmission lines. 


If the maximum amplitude of a standing wave is three times the minimum 
amplitude of the wave, what is the standing wave ratio of the line? 


If the degree of mismatch between a transmission line and its load is 
increased, the SWR (a) increases, (b) decreases, (c) remains the same. 


What is the standing wave ratio of a transmission line terminated in its 
characteristic impedance? 


To the source, a shorted length of transmission line 1/4 wavelength long 
acts like a (a) series resonant circuit, (b) parallel resonant circuit. 
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29. Assume that a 1/4 wavelength line having a characteristic impedance of 
500 ohms is terminated in a resistive load of 75 ohms. What is the im- 
pedance looking into the line? 


30. Assume that a 1/4 wavelength line is used to match a 500-ohm line to a 72- 
ohm antenna. What is the required characteristic impedance of the 
matching line? 
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the physical characteristics of the lise. If a length of line is terminated 


acteristic impedance. a oes 
ee eae a rn Sea 


If a transmission line is terminated in its characteristic impedance, all of the 

transmitted energy is absorbed by-the-load. If the load impedance is not 
equal to the characteristic impedance of the line, some of the energy is 

reflected back to the source. This results in standing waves of voltage and 

current along the line. The ratio between the maximum and minimum values 

of the voltage or current standing waves is called the standing wave ratio. 

The standing wave ratio is a measure of the degree of mismatch between the 

load and the line. 
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IMPORTANT DEFINITIONS 


BALANCED NETWORK —A network which has the same impedance in 
both sides or lines. 


BALUN—A device used to transfer energy from a balanced line to an un- 
balanced line. 


CHARACTERISTIC IMPEDANCE —The input impedance of an infinitely 
long transmission line. 


COAXIAL CABLE—A type of transmission line in which a central con- 
ductor is mounted coaxially within a surrounding metallic covering. 


IMPEDANCE MATCHING —The process of matching one impedance to 
another. 


IMPEDANCE TRANSFORMING —The process of transforming a given 
impedance to a different value. 


ISOLATION PAD—A resistance network used to reduce the variations in 
input impedance caused by variations in an external load impedance. 


MISMATCH —The condition existing when the load impedance does not 
have the desired value. 


NONRESONANT LINE—A transmission line terminated in its charac- 
teristic impedance. All of the transmitted energy is absorbed by the 
load and none is reflected back to the source. There are no standing 
waves on a nonresonant line. 


RESONANT LINE—A transmission line terminated in a load which is not 
equal to its characteristic impedance. Some of the transmitted energy is 
reflected from the load back toward the source, thereby producing 
standing waves. 


STANDING WAVE RATIO (SWR)—The ratio between the maximum and 
minimum values of the standing waves of voltage or current along a 
transmission line. The standing wave ratio is a measure of the degree of 
mismatch between the load and the characteristic impedance of the 
line. 


STANDING WAVES-—Stationary variations in voltage or current along a 
resonant transmission line. 


UNBALANCED NETWORK —A network in which there are different im- 
pedances in each side or line. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


Eyax—Mmaximum voltage 
Eymw—mMinimum voltage 
Iqax—Maximum current 
Iym—Minimum current 
N—number of receivers 


Np—number of primary turns 


N,—number of secondary turns 


R,,— input resistance 
R,—load resistance 
Royr—output resistance 
R,—source resistance 

R,, R,, R,—resistors 
SWR-—standing wave ratio 
Zixn—input impedance 
Zo—characteristic impedance 
Zovr—output impedance 
Zp—primary impedance 


Zs—secondary impedance 


N 2 
Ban) * 
R,R 
= i ae Facies! Te 
aS aes 


— _R, (R, +Rs) 


Rour Re +(R yt Rg) 


oor RR RD 
oR +(R, +R) 
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ESSENTIAL SYMBOLS AND EQUATIONS 
(Continued) 


R,R 
= ee 
Rouge Raat R, + Rs 


R, (R, + R,) 
= fe eke ONES a Sle LE 
Rath eee Ree (RyRy) 


eg 
SWR = —2, or == 
Ry 0 
Y bee: 
FA O 
IN List 


Zo = VZy X Zour 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(10a) 
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PRACTICE EXERCISE SOLUTIONS 


1. (a) source.—An amplifier input circuit is the load. 


2. (c) A load resistance greater than the source resistance.—The generator 
voltage divides between the source and load resistances in proportion to 
their respective resistances. Thus, the greatest voltage is developed across 
the largest resistance. 


3. (b) A dynamic microphone.—A ceramic microphone has a high impedance, 
around 250,000 ohms. It can be connected directly to the input of a voltage 
amplifier. A dynamic microphone, however, has a very low impedance, 
often about 20 ohms. 


4. (a) high impedances.—The impedance of a ceramic phone pickup may be 
around 500,000 ohms, whereas the impedance of an _ electromagnetic 
pickup may be as low as 25 ohms. 


5. (a) poor impedance match.—Typical output impedances of a grounded 
emitter transistor amplifier range from 30,000 ohms to 50,000 ohms, 
whereas typical input impedances of a grounded base transistor amplifier 
range from 30 ohms to 150 ohms. 


6. The grounded collector configuration.—The input and output impedances 
of the grounded collector configuration can be made to match the input 
and output impedances of both the grounded emitter and grounded base 
configuration. 


7. (a) equal to the source impedance.—However, maximum power transfer 
is not always the most important consideration in transferring electric 
energy from a source to a load. Other considerations include gain, effi- 
ciency, frequency response and distortion. 


8. A transformer. 
9. 25: (step-down).—Using Equation 1: 
N 2 
Zala 
Np — ,/2e = ,/2300 _ ./e75 = 25 
N, 7. A 625 : 
10. (1) The two 8-ohm speakers can be connected in parallel between the 


4-ohm tap and ground, or (2) the two 8-ohm speakers can be connected 
in series between the 16-ohm tap and ground. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


(b) load.—The load is connected across the shunt arm when the load 
impedance is greater than the source impedance. 


(a) 100 ohms.—Using Equation 2, 


R,R 
a scmamentarlies 
Ry Bet Re Re 
45 X 36 _ 


45°38 80 + 20 = 100 ohms. 


= 80+ 


True 


(b) an H pad.—An H pad has equal series impedances in both sides or 
lines, whereas in a T pad all the series impedance is in one side. 


The capacitance neutralizes the inductive component of the load. 


(b) less than the impedance between the two end terminals.—The in- 
ductance or capacitance of a parallel resonant circuit is frequently tapped 
to obtain an input or output resistance less than that of the entire circuit. 
Another advantage of a circuit like that of Figure 15 is that a low source or 
load resistance can be connected between the tap and the lower terminal 
without appreciably lowering the Q of the circuit as it would do if it were 
connected between the two end terminals. 


(a) increase.—Since the impedance of a parallel resonant circuit is maxi- 
mum at resonance, the apparent load resistance (the impedance presented 
to the source) increases. 


Because a portion of L is neutralized by the capacitance provided by C.,,. 


Coaxial transmission line is made up of a wire mounted inside of, and 
coaxially with, a metallic outer conductor. The inner conductor is sup- 
ported by a dielectric material or by insulating spacers at regular intervals. 


The characteristic impedance increases.—Moving the wires farther 
apart decreases the capacitance per unit length of the line which, in turn, 
increases the shunt impedance of the line. 


No effect.—The characteristic impedance of a transmission line is the 
impedance of an infinitely long line and is determined by its series and 
shunt resistances and reactances per unit length. 


The current and voltage are in phase.—In a nonresonant line, all of the 
energy is absorbed by the load, and the line is resistive. 
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PRACTICE EXERCISE SOLUTIONS (Continued) 


23. Terminating the line in a load equal to the characteristic impedance of 
the line. 


24. (a) resonant transmission lines.—A nonresonant line is terminated in 
its characteristic impedance. All of the energy is absorbed by the load and 
none is reflected back to produce standing waves. 


252 


26. (a) increases. —SWR is a measure of the degree of mismatch between a 
transmission line and its load. 


27. 1.—When the load impedance equals the characteristic impedance of the 
transmission line, no energy is reflected from the load back to the source. 
Thus, all values of voltage on the line are equal (that is, there are no maxi- 


mums and minimums), so that the ratio Ey,4x/Eygy = 1. 


28. (b) parallel resonant circuit.—The ratio between the voltage and current 
standing waves is now maximum at the source. 


29. 3333 ohms (approx.).—Using Equation 10: 


30. 190 ohms (approx.).—Using Equation 10a: 


= 190 ohms (approx.). 


7440 
31 


De VRY INSTITUTE OF TECHNOLOGY 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 T440A 
>——= ONE OF THE EXAMINATION 
I Bette Howett SCHOOLS CHECK SHEET 


1, C-TO OBTAIN THE DESIRED IMPEDANCE MATCH, SPEAKERS ARE OFTEN CONNECTED TO AN 


AMPLIFIER BY MEANS OF -- TRANSFORMERS. 
The turns ratio of the transformer is selected to provide the desired impedance match, 


2. © -WHICH OF THE FOLLOWING TRANSISTOR CIRCUITS PROVIDES A HIGH INPUT IMPEDANCE 
AND A LOW OUTPUT IMPEDANCE? -- GROUNDED COLLECTOR. 
The emitter follower or grounded collector amplifier provides a high input impedance and a low output 


impedance. 


3. B -MAXIMUM POWER IS TRANSFERRED FROM A SOURCE TO A LOAD WHEN THE LOAD 
IMPEDANCE IS EQUAL TO -- THE SOURCE IMPEDANCE. 

Although maximum power transfer is obtained under these conditions, a perfect match may be disregarded 
in favor of a match that provides low distortion or improved frequency response. 


4. C-WHAT IS THE TURNS RATIO OF A TRANSFORMER REQUIRED TO MATCH A 4-OHM SPEAKER 
TO AN AMPLIFIER WITH A REQUIRED LOAD IMPEDANCE OF 8000 OHMS? -- 44.7: 1. 
The turns ratio is equal to the square root of the impedance ratio. 


Z 
N= a ae 5000 = 44.7 
V ; \/. V 


5. C- AN AUDIO OUTPUT TRANSFORMER HAS 4-, 8-AND 16-OHM TAPS. WHICH OF THE FOL- 
LOWING MULTIPLE SPEAKER ARRANGEMENTS IS CORRECT? -- FOUR 16-OHM SPEAKERS 
PARALLEL CONNECTED TO THE 4-OHM TAP. 

Four 16-ohm speakers in parallel have an equivalent resistance of 4 ohms. 


6. B -WHICH OF THE FOLLOWING TYPES OF ISOLATION PADS WOULD MOST LIKELY BE USED 
TO ISOLATE ONE BALANCED CIRCUIT FROM ANOTHER? -- AN H NETWORK. 
The T, Land 7m networks are used with unbalanced circuits. 


7. D- WHAT IS THE CHARACTERISTIC IMPEDANCE OF A ONE-QUARTER WAVELENGTH TRANS - 
MISSION LINE USED TO MATCH A 200-OHM SOURCE TO AN 800-OHM LOAD? -- 400 OHMS. 
The line impedance is equal to 


Zo = VZIn X ZouT =¥V 200 X 800 = \/160,000 = 400 ohms 


8, A - WHAT IS THE STANDING WAVE RATIO IF A TRANSMISSION LINE WITH A CHARACTERISTIC 
IMPEDANCE OF 50 OHMS IS CONNECTED TO A LOAD IMPEDANCE OF 75 OHMS? -- 1.5: 1. 
The SWR is equal to SWR = 


oO 50 


Litty ee be 1.5 


9, D-WHEN A ONE-QUARTER WAVELENGTH TRANSMISSION LINE IS TERMINATED IN A SHORT, 
THE IMPEDANCE AT THE INPUT END -- IS MAXIMUM. 
A quarter wavelength transmission line acts like an impedance transformer. 


10. D- TO THE SOURCE, A SHORTED LINE SECTION ONE-QUARTER WAVELENGTH LONG IS 


EQUIVALENT TO -- A PARALLEL RESONANT CIRCUIT. 
A shorted half wavelength line is equivalent to a series resonant circuit. 
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QUESTIONS 


IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 


Sane SamPS 


SASF SAP 


000 R000 O00 OO) ORO OeNO feo ooaD 


SaOeP 


SOF FSOBpP 


Sasy 


SaeS 


errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


SCO OBO 


LESSON CODE 


sgn A common dairy product is 
B se (A) parsley. (B) milk. (C) honey. (D) endive. 
a 


Ko) 


To obtain the desired impedance match, speakers are often connected to an amplifier 
by means of 

(A) transmission lines. (B) resonant circuits. (C) transformers. (D) resistor net- 
works. 

Which of the following transistor circuits provides a high input impedance and a low 
output impedance? 

eee emitter. (B) Grounded base. (C) Grounded collector. (D) Grounded 
cathode. 


Maximum power is transferred from a source to a load when the load impedance is 
equal to 

(A) one-half the source impedance. (B) the source impedance. (C) twice the 
source impedance. (D) three times the source impedance. 

What is the turns ratio of a transformer required to match a 4-ohm speaker to an 
amplifier with a required load impedance of 8000 ohms? 

(A). 22571. (B20: 1(C) 44.7: 1: 4D) 333371. 

An audio output transformer has 4-, 8- and 16-ohm taps. Which of the following mul- 
tiple speaker arrangements is correct? 

(A) Four 16-ohm speakers parallel connected to the 8-ohm tap. (B) Two 8-ohm 
speakers series connected to the 4-ohm tap. (C) Four 16-ohm speakers parallel 
connected to the 4-ohm tap. (D) Two 16-ohm speakers series connected to the 
8-ohm tap. 

Which of the following types of isolation pads would most likely be used to isolate one 
balanced circuit from another? 

(A) A T network. (B) An H network. (C) An L network. (D) A 7 network. 
What is the characteristic impedance of a one-quarter wavelength transmission line 


used to match a 200-ohm source to an 800-ohm load? 
(A) 300 ohms. (B) 350 ohms. (C) 450 ohms. (D) 400 ohms. 


What is the standing wave ratio if a transmission line with a characteristic impedance 
of 50 ohms is connected to a load impedance of 75 ohms? 
CA) 22) shee Cee eee 


When a one-quarter wavelength transmission line is terminated in a short, the im- 
pedance at the input end 

(A) varies with signal strength. (B) is equal to the characteristic impedance. 
(C) is minimum. (D) is maximum. 

To the source, a shorted line section one-quarter wavelength long is equivalent to 
(A) an inductive reactance. (B) a capactive reactance. (C) a series resonant circuit. 
(D) a parallel resonant circuit. 
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QUESTIONS 


IMPORTANT—These instructions MUST be accurately followed to avoid loss, or 


SASF FAS 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: 


LESSON CODE A common dairy product is 


Ko) 


7T440A B = (A) parsley. (B) milk. (C) honey. (D) endive. 


To obtain the desired impedance match, speakers are often connected to an amplifier 
by means of 

(A) Meena lines. (B) resonant circuits. (C) transformers. (D) resistor net- 
works. 

Which of the following transistor circuits provides a high input impedance and a low 
output impedance? 

Sea bens emitter. (B) Grounded base. (C) Grounded collector. (D) Grounded 
cathode. 

Maximum power is transferred from a source to a load when the load impedance is 
equal to 

(A) one-half the source impedance. (B) the source impedance. (C) twice the 
source impedance. (D) three times the source impedance. 

What is the turns ratio of a transformer required to match a 4-ohm speaker to an 
amplifier with a required load impedance of 8000 ohms? 

(A) 225212320 (C) 44.731 0D) 933321. 

An audio output transformer has 4-, 8- and 16-ohm taps. Which of the following mul- 
tiple speaker arrangements is correct? 

(A) Four 16-ohm speakers parallel connected to the 8-ohm tap. (B) Two 8-ohm 
speakers series connected to the 4-ohm tap. (C) Four 16-ohm speakers parallel 
connected to the 4-ohm tap. (D) Two 16-ohm speakers series connected to the 
8-ohm tap. 

Which of the following types of isolation pads would most likely be used to isolate one 
balanced circuit from another? 

(A) A T network. (B) An H network. (C) An L network. (D) A z network. 
What is the characteristic impedance of a one-quarter wavelength transmission line 


used to match a 200-ohm source to an 800-ohm load? 
(A) 300 ohms. (B) 350 ohms. (C) 450 ohms. (D) 400 ohms. 


What is the standing wave ratio if a transmission line with a characteristic impedance 
of 50 ohms is connected to a load impedance of 75 ohms? 
(ADC Sil (By det NG asa hd) 02 Seb: 


When a one-quarter wavelength transmission line is terminated in a short, the im- 
pedance at the input end 

(A) varies with signal strength. (B) is equal to the characteristic impedance. 
(C) is minimum. (D) is maximum. 

To the source, a shorted line section one-quarter wavelength long is equivalent to 
(A) an inductive reactance. (B) a capactive reactance. (C) a series resonant circuit. 
(D) a parallel resonant circuit. 
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A technician adjusts some electronic equipment in a synchronous communi- 
cations (SYNCOM) satellite, which will serve as an orbiting relay station. 


FM transmitters and receivers in the satellite will relay communications 
between continents. 


Courtesy Aerospace Group Hughes Aircraft Co. 
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Laziness grows on people; it begins in 
’ cobwebs and ends in iron chains. The 
more business a man has to do the more 
he is able to accomplish, for he learns 
to economize his time. 
—Sir M. Hale 


MODULATION AND DEMODULATION 


This lesson is divided into two parts. The first part of the lesson covers the 
principles of modulation, while the second part covers the principles of 
demodulation and detection. You must therefore study the information 
presented in this first portion (Part 1) of the lesson and the succeeding 
portion (Part 2) before you complete the overall lesson examination which is 
at the end of Part 2. Study the lesson material carefully and be sure to 
answer all of the Practice Exercise questions as you proceed. By doing this, 
you will greatly increase your understanding of all the material presented. 


PART 1—MODULATION 


As the term is commonly R This cartier ie ease oTee sai Teane adding 
info ion to a CARRIER. This carrier is most often radio-frequency 
energy. Radio-frequéncy energy may be transmitted from one place to 


another without wires. Thus, a radio-frequency carrier which is modulated 
can carry information from place to place without wires. 


There are two basic methods of adding information to a carrier. They are 
called AMPLITUDE MODULATION and FREQUENCY MODULATION. 
With amplitude modulation (AM), the information is added by changing the 
amplitude or level of the carrier. With frequency modulation (FM), the 
frequency of the carrier is changed. 


The commercial AM and FM radio broadcast stations which are located in 
almost every major city serve as typical examples of the use of amplitude 
and frequency modulation. The AM stations, which operate between 535 
and 1605 kHz, are capable of transmitting information such as news, sports 
events and music over a considerable distance. 


FM radio stations, which operate between 88 and 108 MHz, provide the 
same services as the AM stations.. However, the use of frequency modula- 
dvantage. Electrical i erence, bot 

and natural, does not produce in FM si 
AM_ signals. This _ interference, called static or noise, usuall 
‘amplitude rather than the requency O - Communication 
systems which use AM may, therefore, occasionally be affected by noise 
which would not affect FM systems. 


In this lesson you will study the basic principles behind amplitude and 
frequency modulation. You will also examine many of the basic circuits 
which are used to produce AM and FM signals. Study this lesson carefully 
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because it contains information which is vital to you. The modulation 


Ww 
systems described in this lesson form the basis of all modern communication S 
systems. ras 
iz) 
a 
2 
THEORY OF AMPLITUDE MODULATION TIME ———> 
| | A 
To help understand amplitude modulation, let Figure 1-1A represent a 
high-frequency carrier wave. Now, assume that Figure 1-1B is the low- 
frequency information signal that we want to transmit. This information a 
signal is usually called the MODULATING SIGNAL. In standard broadcast = 
systems, the modulating signal is usually an audio-frequency (a-f) signal = 
such as the output of a microphone. rt 
= 
< 
The object is to combine the modulating signal of Figure 1-1B with the a errr 


carrier of Figure 1-1A in such a~way tha E INSTANTANEOUS B 


CARRIER AMPLITUDE WILL BE LED BY THE MODU- 
[ AL AMPLITUDE. This is amplitude modulation. Figure 


Let’s see what happens if the carrier and modulating signal are applied to a 

resistor network. Figure 1-2A shows such a network. The output would look 

like Figure 1-2B. The carrier is NOT amplitude modulated in this figure. The 

two waves of Figure 1-1 have simply been added together. Notice that the INPUT © 
waveshape of Figure 1-2B still has the same amplitude at all places. It is eat A poy ureey 
simply moved up and down. 


A 
To obtain a change in amplitude of the carrier, another element must be 
added to the circuit. Figure 1-3 shows a Circuit similar_to that-of Figure 1-2, 
but with a diode-added. A diode is a NONLINEAR element. This means 
that ee Oe eee ional ome tional fo the input. Such a 
nonlinear element is necessary to produce amplitude modulation. 

A 
B 
ae Figure 
1-2 


CARRIER 


Log R OUTPUT Cc L 
MODULATING 3 | | 


SIGNAL INPUT 


Figure 1-3 


The voltage applied to diode D, in Figure 1-3 is a combination of carrier and 
modulating signal such as shown in Figure 1-2B. Remember, however, that a 
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OUTPUT CURRENT diode conducts current in one direction much better than the other. 
PRO: PiGee Therefore, current is through D, and R; of Figure 1-3 only when the anode of 
D, is more positive than the cathode. 


Figure 1-4 shows the current which results from applying the combination of 
carrier and modulating signal to D,. Because there is no current when the 
applied voltage is negative, the current does not have the same waveshape as 
the applied voltage. The amplitude of the current waveshape follows the 
modulating signal waveshape. Because this current is through Rs, the output 
voltage developed has a shape similar to that of the current wave. The circuit 
of Figure 1-3 can, therefore, be used to produce an amplitude-modulated 


INPUT VOLTAGE output voltage. 
TO DIODE 


Figure 
1-4 An actual modulation circuit usually includes an LC circuit, here represent- 
ed by L, and C,, that is resonant to the carrier frequency. When L, and C, 


are resonant to the carrier frequency, they modify the shape of the output 
voltage wave. The ringing or oscillating action of this resonant LC combina- 
tion provides a negative half for each cycle, which is an upside down copy of 
the positive half. If the LC components are properly chosen, each negative 
half-cycle will have approximately the same amplitude as that particular 
positive half-cycle. The result is an output voltage with the waveshape of 
Figure 1-5. THIS IS THE WAVESHAPE NORMALLY ASSOCIATED 
WITH AMPLITUDE MODULATION. Notice that the amplitude of the 
carrier follows the shape of the modulating signal. 


Figure The original carrier, the modulating signal, and the result of combining them 
1-5 through amplitude modulation are all shown in Figure 1-6. From this figure, 
you can see how the amplitude of the modulated carrier of Figure 1-6C 
corresponds to the shape of the modulating signal of Figure 1-6B. Notice the 

dashed lines which follow the peaks of the modulated carrier of Figure 1-6B. 

The pattern formed by these dashed lines is called Oe a 
ENVELOPE. It is the pattern that would be seen on an indicating device 


‘such as an Oscilloscope. 


Amplitud an be obtained with a v 
that at least one nonlinear element is included in each. Diodes, transistors 


and vacuum tubes all find wide use as nonlinear elements in such circuits. 


AM SIDEBANDS 


The modulator circuit of Figure 1-3 includes a resonant LC circuit This— 
circuit is added to provide the lower half of the Figure 1-5 waveshape. The 
negative alfernations result from the ringing action of L, and C,. Although 


this oscillating action should be sufficient to provide these alternations, the 
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circuit must not oscillate too freely. Another way to say this is that the Q of 


the circuit must not be too high. This is true of any LC circuit which handles 


a modulated carrier. A circuit with a very high Q would oscillate indefinitely, 
and the envelope of Figure 1-5 would be lost. The envelope of Figure 1-6A 
would result. 


The modulated waveshape of Figure 1-5 can be described by a lengthy 
mathematical expression. While the expression is not of interest to us now, it 
does allow an interesting comparison to be made. It shows that the 


waveshape of Figure 1-5 could be produced by adding three high-frequency © 


signals. They would be (1) the carrier, (2) a high-frequency sign tial to 
the sum of the carrier and modulating signal frequencies, _and (3) a 
high-frequency signal equal to the < y Si gnal equal to the difference between ae carrier frequency. 
and the modul diff 

quencies are mixed ina nonunest ane such as seit one a: in Figure 
1-3, the output contains the sum and difference frequencies and one or both 
of the original frequencies. For example, consider a 1000-kHz carrier 
amplitude modulated by a 1000-Hz audio modulating signal. This could be 
analyzed as a combination of 1000 kHz, 1001 kHz (1000 kHz + 1000 Hz), 
and 999 kHz (1000 kHz — 1000 Hz) signals. 


The sum and difference signals are called SIDEBAND SIGNALS of the 
modutated-carrier and are located in the SIDEBANDS. The lower, or 
difference, frequency (999 kHz) is called the lower sideband frequency. The 
higher, or sum, frequency (1001 kHz) is called the upper sideband fre- 
quency. Figure 1-7 is a graph showing the carrier and sideband frequencies. 
The carrier is at the 1000-kHz point, and the sideband signals are at points 1 
kHz above and below the carrier frequency. 


By using the concept of sidebands, we can make our work with modulated 
carriers easier. For one thing, LC circuits are often used with modulated 
signals. These circuits can be analyzed most easily in terms of Q and 
bandpass. For example, an LC circuit which passes a modulated carrier. 
must be able to pass the sideband frequencies as well as the carr carrier. We can 
3eethe ogic of this by reviewing the ringing action described earlier. Thus, 

we have a convenient tool in the sideband explanation which gives us a 
better understanding of the modulation principle. 


When a carrier frequency is amplitude modulated by an audio signal, an 
output containing four frequencies is obtained. These are: the carrier, the 
upper sideband frequency, réquency and the modulating 
audio frequency. However, the modulating signal often is not desired as an an 
output; When the resonant LC circuit of Figure 1-3 is connected across Rg, 
€ output contains very little of the modulating frequency. This is because 
the circuit is tuned to pass the carrier and sidebands, while greatly reducing 
the amount of the audio Signal in the output. wri 
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Figure 
1-6 
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AMPLITUDE 


999 1000 IOOl 
FREQUENCY IN kHz 


Figure 
1-7 


MODULATION AND DEMODULATION 


Now, let’s look again at Figure 1-7, which shows a carrier and the sidebands 
that result from amplitude modulation. Notice that the left axis of Figure 1-7 
is labeled AMPLITUDE. The amplitude of the sideband signa epee eh 
the amplitude of the modulating sulieaee ert With 
no modulating signal, there wittbe no-sidéband signals. A small modulating 


signal will produce low-amplitude sideband signals. A larger modulating 
signal will increase the amplitude of the sideband signals. 


AM MODULATION PERCENTAGE 


The amount of modulation that takes place in AM transmission systems is 
expressed in percentage. For example, with 100% modulation the modulat- 
ing signal causes the carrier envelope to vary from zero to twice its 
nmodulated value. This is the maximum MODULATION PERCENTAGE _ 
nicl cayenne BrESS 


iy be used. 1 
ee ee ee 


Figure 1-8A shows an unmodulated carrier. Figure 1-8B shows the same 
carrier amplitude modulated 100%. Notice that the envelope decreases to 
zero and increases to twice the unmodulated level (thé total amplitude from 
the lower peak to the upper peak is twice the amplitude of the unmodulated 
wave of Figure 1-8A). 


In Figure 1-8C, 50% modulation is shown where the envelope decreases to 
50% or half of the unmodulated level (the amplitude X is half the amplitude 
of the unmodulated wave of Figure 1-8A). It also increases 50% above the 
unmodulated level (the amplitude Y is one and a half times the amplitude of 
the unmodulated wave of Figure 1-8A). 


It is sometimes desirable to determine the percentage of modulation from 
envelope patterns such as those of Figure 1-8. Such a pattern, for example, 
NI might be viewed with an oscilloscope. In this case, determine dimensions X 
and Y as shown in Figure 1-8C. They can be measured in centimeters, 
Cc fractions of an inch or any convenient unit. Figure 1-8C is divided into 
convenient but arbitrary units. Dimension X is 2 units and dimension Y is 6 
Figure units. To find the percentage of modulation from a pattern such as shown in 
1-8 Figure 1-8C, use the following expression: 


¢ % MODULATION = 1 —~ x 100. (1) 
Y +X 


Use the units of Figure 1-8C in this expression as an example: 


Y=X y 199 = 6=2 x 100 = 4 x 100 = 50%. 
8 


rox OrhaZ 


% MODULATION = 
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This method is most accurate when the modulating signal has a sinusoidal 
shape. 


The maximum percentage of modulation generally used is 100%. With 100% 
amplitude modulation, as shown in Figure 1-8B, the envelope just closes at 
one point of each cycle. That is, the top and bottom lines of the envelope 
meet, but their shape is not distorted. 


Now, consider what happens with more than 100% modulation. Figure 1-9 
shows the result of such a condition. This is called ee ae 
Compare this with Figure 1-8C. Notice how the envelope shapé is flattened 
or distorted in Figure 1-9. The envelope should be a faithful copy of the 
modulating signal. Overmodulation distorts the modulation envelope and 
therefore distorts the information being carried. If a broadcast transmitter 


were overmodulated, you would hear distorted sound when that station was 
tuned in on a receiver. 


Besides distorting sound for the listener, overmodulation at a station creates 
other undesirable effects. When the envelope of a transmitted carrier is 
distorted as in Figure 1-9, it.can cause interference with the carriers and 
sidebands f ions. Therefore, overmodulation is not permitted 
in most types of radio wave transmission. 


On the other hand, it is desirable to modulate a carrier as near 100% as 
possible without causing overmodulation. Since the carrier merely serves as 
a reference in transmitting the modulating signal through space to the 


receiver, a large amplitude carrier wi small percentage of modula- 


tion would be a waste of energy. 
tp eee 


For normal voice or music transmission, the modulation signal may not have 
a simple sinusoidal shape. Music, for example, is made up of a number of 
sinusoidal signals occurring at the same time. Thus, a carrier which is 
amplitude modulated by music or speech could have the appearance of 
Figure 1-10A. This figure illustrates amplitude modulation that reaches 
nearly 100%. 


reer te rn Ie ean eae: frontueniey the sie: 
bands also include more frequencies. For example, the waveshape of Figure 
1-10A might producé sideband signals as shown in Figure 1-10B. Both the 
upper sideband and the lower sideband include a number of frequencies. 
Notice, however, that they are in pairs. That is, a frequency included in the 
lower sideband will always have a counterpart in the upper sideband. If the 
lower sideband contains signals with frequencies of 995, 998 and 999 kHz, 
the upper sideband will contain signals with frequencies of 1001, 1002 and 
1005 kHz. 
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Figure 
1-10 


MODULATION AND DEMODULATION 


_— 
gee yy, 


MODULATION 


M6689 aM MODULATION MONITOR 


This AM modulation monitor measures the percent of modu- 
lation. 
Courtesy Gates Radio Co. 


Whenever a carrier is amplitude modulated by a modulating signal, two 
sidebands are produced—the upper sideband and the lower sideband,_The—. 
number_of_signals in each sideband is-determined_by the nature of the 
modulating signal. For example, when a 1-kHz signal and a 5-kHz signal are 

used to simultaneously modulate a carrier, two pairs of sideband signals are ge 
generated. One pair of sideband signals is separated from the carrier by 1 

kHz and the other pair of sideband signals is separated from the carrier by 5 

kHz. All of the signals above the carrier comprise the upper sideband while 


al e lower sideband. 


Occasionally, terminology that is not exactly correct may be used when 
describing a carrier and its sidebands. Figure 1-10B, for example, sometimes 
might be described as “‘the carrier with its five upper sidebands and five 
lower sidebands.”’ To be technically correct, it should be described as “‘the 
carrier with five signals in its upper sideband and five signals in its lower 
sideband.”’ 


POWER 


In i i wer at the carrier 


frequency remains constant as long as overmodulation does not occur. This 
WwW ng modulated or not. Howéver, the power in e 


sideband is proportional to the strength of the modulating signal. Therefore, 
the total power transmitted varies as the amplitude of the modulating signal 


changes. 
a 


With normal modulation (between 0 and 100%), equal power i t in a 


each sideband. When the percentage of modulation i sideband | 
power is zero. At 100% modulation, each sideband of the pair contains "/, as 


Se 
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much power as the carrier..Both sidebands combined contain !/, as much 


MODULATION AND DEMODULATION 


Ower as the carrier. Therefore, increasing the modulation from 0% to 100% 
the r 


increases transmitted power to 1'/, times the carrier power alone. For 
example, suppose that an AM broadcast station with an unmodulated carrier 
power of 1000 watts is modulated 100% by a sinewave signal. The TOTAL 


SIDEBAND POWER is 500 watts (half the carrier power) and the TOTAL 
RADIATED POWER is 1000 + 500 = 1500 watts. 


Total sideband power for any pair of sidebands can be found by using the 
following formula: 


/ a . 

pep Be ) (2) 
é 2 

Psp = total sideband power in watts 


M = % of modulation divided by 100 
Pe 


carrier power in watts. 


Let’s try an example. Consider an AM broadcast transmitter with a carrier 
power of 1000 watts and 90% modulation. The total sideband power is: 


Q? 
Pcp aa es 5 x 1000 


81 y 1000 
2 


= 405 watts. 


The power in one sideband is half the power of both sidebands. Therefore, 
when the power in a pair of sidebands is 405 watts, the power in each 
sideband is 405 + 2 = 202.5 watts. 


Often, the modulated carrier is intended to be transmitted through the air. 
This is the case with the modulated carrier developed by a broadcast radio 
station. Here, the modulated carrier is fed into an antenna system from 
which it is then radiated. 


The authorized power fed to the antenna system is determined by an agency 
of the federal government, such as the FCC (Federal Communications 
Commission) in the United States or the DOT (Department of Transport) in 
Canada. Power ratings generally refer to an unmodulated carrier. Therefore, 
a Ait fe datins eee Polor cee AM bteiveatsietian produces 500 watts of 


carrier power. 
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Actual a of a broadcast transmitter must be 


_Mmeasured constanth is either the direct or indirect method. 


The direct_method_is_based on antenna current and resistance _measure- 


— 


_ments, Antenna current is continuously monitored by meters in the antenna 
feed lines. Antenna resistance is measured at the common signal input to the 
antenna. 


I te A 
See ee aa ee inp? 
power of a = Transmitter is equal to the product of average plate 
current and dc plate voltage of the final transmitter stage which feeds the 
antenna. Efficiency factors are determined by the FCC or the DOT. 


HIGH- AND LOW-LEVEL MODULATION 


Modulation methods are divided into two groups, HIGH-LEVEL MODULA- 


LATION. High-level modulation is modula- 
ti OLLECTOR CIRCUIT of the final r-f 


ich occurs in the 
S ow-level modulation is modulation of the 
Carri oint preceding the final r-f stage. The final r-f stage is also called ( 


t | power amplifier stage. 


stage in which modulation takes place is often called the MODULATED 
STAGE or th DULATED PLIFIER. Th 


lating signal is normally called the DULATOR. 
PS eit) es 


In high-level modulation, the r-f stages preceding the final or modulated 
stage are not necessarily operated as linear amplifiers. These stages may be 
operated Class C, resulting in high efficiency (about 65% to 85%). However, 
high-level modulation has the disadvantage of requiring more power for 
modulation. Therefore, the section used for high-level modulation usually 
has more stages than one used for low-level modulation. 


For 100% high-level modulation, the modulator stage must be capable of 
varying the carrier level from zero to twice the amplitude of the unmodulat- 
ed carrier. To do this, the modulator stage must supply all of the sideband 
power. When the carrier power is 1000 watts, the modulator stage must 
supply 500 watts of power for 100% modulation; when the carrier is 50,000 
watts, the modulator stage must supply 25,000 watts for 100% modulation. 


Low-level modulation requires lower modulating power because modulation 


occurs at a lower r-f power level. With low-level modulation, al 


7445 
12 


<= 


MODULATION AND DEMODULATION 


following the modulated stage are usually operated linear class A, AB or B 


so that the énvelope of the modulated carrierwill_not_be distorted. A 
disadvantage of this system is the reduction of the efficiency in the r-f stages 
following the modulated stage to 50% or 60%. However, the power 
requirement of the modulator is also reduced. 


MODULATION CIRCUITS 


There_are several-ways_to_amplitude modulate an r-f carrier. In systems 
which use vacuum tubes, the modulating signal can be applied to ) the. plate or 


control grid of the tube in the modulated Stage. If a pentode is used, “the_ Cal 
modulating signal can be applied to the screen grid, suppressor grid, c 

grid, or plate. Each system has characteristics which may make it a desirable 
method of modulation for a given application. 

Plate Modulation 


PLATE MODULATION is commonly used in modulation systems which _ 
employ vacuum tubes 


-level modulation when it occurs in the _ 
age. Plate modulation produces amplitude modulation by adding 
the modulating signal to the plate voltage normally applied to the plate 
circuit of a vacuum tube. This signal adds to the plate input power and, 
therefore, adds to the total power output of the modulated stage. 


To see how a high-level plate modulation system operates, let’s look at 
Figure 1-11. Triode V, is the r-f modulated amplifier. The grid of V, is biased 


T2 
at the proper operating point (usually class C) by the bias supply labeled a A-F INPUT 
—DC. The unmodulated r-f carrier from an r-f amplifier is applied to the grid MODULATOR 
of V;. -0C B+ “ 
) tet’ Figure 
The plate supply voltage, B+, is connected through the secondary winding jean 


of T, and the resonant tank, C, and T,, to the plate of V,. V, is neutralized by 
feeding back part of the signal from the primary of T, through neutralizing 
capacitor C, to the grid of V,. Capacitor C; is an r-f bypass capacitor which 
keeps r-f out of the modulator and power supply. The antenna circuit is 
tuned to resonance by means of C,. 


An audio-frequency signal from the modulator is applied to the primary of 
T, (the modulating transformer) for inductive coupling to the secondary of 
T.. This a-f modulating signal is in series with B+. Depending on the polarity 
of the a-f signal, it alternately adds to or subtracts from the plate supply 
voltage, B+. 
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When the a-f signal developed across the secondary of T, is negative at the 
upper end of Ty, it is in opposition to plate supply voltage B+. This is the 
same as decreasing B+ by the value of the voltage across the secondary of 
T,. For 100% modulation, the net plate voltage at this instant is zero. This 
condition exists only at the instant that the modulating voltage is at its 
maximum negative peak. 


During the other alternation of the a-f voltage, the voltage developed across 
the T, secondary adds to B+, increasing the V, plate voltage. With 100% 
modulation, the voltage supplied to the C,T, tank circuit is twice the value of 
the plate supply voltage, B+, at the instant the modulating signal reaches 
this peak. 


In general, when a transmitter is modulated 100%, the total power radiated 
increases by 50% compared to the unmodulated carrier power. The addition- 
al power is in the sidebands and is supplied by the modulator. The output of 
modulation transformer T,, at 100% modulation, is such that the p 
supply voltage, B+. 

a i, A ae 


Nae A block diagram of a simple AM transmitter using high-level plate modula- é 
AMP tion is shown in Figure 1-12. Five blocks represent the important signal 


stages of the transmitter. They are: the r-f oscillator, intermediate r-f 
Figure amplifier, final r-f amplifier, the a-f voltage amplifier and the modulator. In 
1-12 this diagram, the low-frequency input is the output of a microphone. 


This transmitter operates as follows: The r-f oscillator generates the carrier 
frequency. From the r-f oscillator, the carrier is applied to the intermediate 
r-f amplifier and then to the final r-f amplifier. The he intermediate r-f amplifier 
can be operated in nes C for oy efficiency since oe occurs in 


the buffer amplifier, since it isolates the power amplifier from the oscillator. 
re a eae Te 


The low-frequency sound signal is picked up by a microphone, changed to 
an electric signal and applied to an a-f voltage amplifier. Next, the amplified 
a-f signal is fed to the modulator, where it is further amplified. From here, 
the a-f signal goes to the modulated stage, where it is used to modulate the 
r-f carrier. This results in an amplitude-modulated output signal. 


Screen Grid and Suppressor Grid Modulation 


Normal plate modulation cannot be used to obtain 100% modulation with ( 
te phifier ist u e plate Current in a 
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tetrode or pentode is relatively inde ent of the plate voltage; it d 
more on r Suppressor grid voltage. For 100% modulation, he 


creen grid or suppressor grid voltage should be varied approxim 
same percentage as the plate voltage. 
erase ere eee 


Figure 1-13 shows a form of SCREEN GRID MODULATION. The tube 
shown in this circuit is a tetrode, although a pentode could be used in a similar 
circuit. Tetrode V, and its components form the modulated stage. The 
unmodulated carrier is applied to the control grid of V, through coupling 
capacitor C,. Resistor R, and r-f choke L, form the grid load. Capacitors C, 
and C, are r-f bypass capacitors. Variable capacitor C, and the primary of T, 
form the resonant output tank circuit. The antenna system is connected to 
the T, secondary. 


Modulation is accomplished by varying the dc voltage on the screen grid and 
plate in step with the a- e secondary of the mo 

fetes: (1. cis conmeciedaine tie plate and screen grid supply line. 
Audio-frequency voltages appearing across the secondary of T, alternately 
add to and subtract from the B+ voltage. These changes of voltage appear at 
the plate and screen grid of V,. As a result, plate current and plate power 


vary in step with the modulating signal. To obtain a high percentage_of 
ons e is generall reduce rom 7/, to '/, of the 


Al h this modulation metnOd 18 onten revered to as simply screen grid 


at both the screen 


modulation is often used in low-power fixed and mobile applications. 


Figure 1-14 is the schematic of a modulated amplifier using SUPPRESSOR 
oo Shai elabe eee The suppressor grid is connected in series with the 
secondary of the modulation transformer, T,. A negative bias placed on the 
suppressor grid reduces the plate efficiency of the tube to about 35%. R, 
reduces the screen grid voltage to a value lower than the plate voltage. 
Capacitors C,, C; and C; are r-f bypass capacitors. The output of the tube is 


applied to the antenna by way of a tuned plate circuit consisting of C, and 
the primary of T,. 


An a-f signal across the secondary of the modulation transformer increases 
or decreases the normal suppressor grid voltage. These changes in suppres- 
sor grid voltage cause changes in the amplifier output. The result _is an 
w distortion at a modulation of 90% 


t ithout increasing the sl to an objectionable level, 100% 
modulation is difficult to obtain. ressor grid mod ulation is often used in 
Ce gee 


Ss. 
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n both the screen gri rand | plate aan 
e€ maximum mo about 80%. This particular type o ae 
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Figure 
1-14 
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Control Grid Modulation 


Amplitude modulation can also be ob i ing signal 
to_the control grid of dulated amplifier. This method of low-level 


modulation is called CONTROL GRID MODULATION. The main advantage 


of this ‘type of modulation is that it requires only a 


t_it requires only a low-power modulator. 
The efficiency of the modulated amplifier, however, is also low. 


Figure 1-15 shows a final r-f amplifier stage using control grid modulation. 
The a-f modulating signal is applied to the grid of V, through modulation 
transformer T,. An a-f signal, appearing across the secondary of T,, 
alternately aids and opposes the grid bias. These changes of bias voltage 
cause the operating point of the Class C amplifier, V,, to vary in step with the 
a-f modulating signal. The amount that the bias changes depends on the 
Figure amplitude of the modulating signal. A large modulating signal produces 
1-15 greater changes of bias than a smaller modulating signal. 


Since the grid bias controls the plate current, variations in grid bias produce 
similar variations in the plate current and plate circuit power. This varying 
energy is coupled from the tank circuit to the antenna by transformer Ty. 


With control grid modulation, the low distortion obtained with plate 
modulation is also obtained, but at the expense of reduced output power an 


efficiency. However, this form 6 
amplification Of a signal at the grid of V,, a small modulating Seal at the 
aiid-Tas as mnch effect as.a much Targer modulating saanal applied ta vee 
Sa.) See 


Figure 1-16 is a block diagram of a transmitter using control grid modulation. 
The r-f section (the upper portion of the figure) contains an r-f oscillator, an 
intermediate amplifier and an r-f power amplifier. Th i ifier 


is also called a buffer. It isolates the oscillator from ie modulated power 
amplifrer--This assures a stable carrier frequency from the oscillator. Both 
the buffer and power amplifier can be operated Class C to provide a high 


percentage of efficiency. 


INTERMEDIATE 
AMPLIFIER 
VOLTAGE 
AMP 


Figure The a-f section (the lower portion of the figure) consists of a low-frequency 

1-16 voltage amplifier and a modulator. The modulator used in this transmitter is 

a low-power amplifier instead of the high-power amplifier needed for plate 

modulation. The modulator output is applied to the grid of the r-f power 

amplifier. The resulting AM signal is fed from the power amplifier to the 

antenna. This signal is then transmitted to the receiver in the form of an 
electromagnetic wave. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


10. 


THEORY OF AMPLITUDE MODULATION 


AM SIDEBANDS 


AM MODULATION PERCENTAGE 


POWER 


HIGH- AND LOW-LEVEL MODULATION 


MODULATION CIRCUITS 


PLATE MODULATION 


SCREEN GRID AND SUPPRESSOR GRID MODULATION 


. What is the usual reason for modulating a carrier? 


. If two signals of different frequencies are mixed in a linear network made 


up of resistors, does amplitude modulation take place? 


. What is the purpose of L; and C, in Figure 1-3? 


. The L,C, resonant circuit of Figure 1-3 should have an extremely high Q. 


True or False? 


. To obtain amplitude modulation, two signals of different frequencies are 


mixed in a (a) nonlinear device, (b) linear device. 


. How does the amplitude of the modulating signal affect the height of the 


sideband signals of Figure 1-7? 


. What bandwidth is required to transmit a 27-MHz carrier that has been 


amplitude modulated by a 1-kHz modulating signal to provide radio 
control of a model airplane? 


. The carrier frequency of the transmitter of Practice Exercise 7 is changed 


to 51 MHz. The modulating frequency remains 1 kHz. What is the 
bandwidth required to transmit this signal? 


. What would the percentage of modulation be in Figure 1-8C if Y = 5 units 


and X = 3 units? 


Percentages of modulation as high as 125% are normally used in AM 
modulation. True or False? 
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11. For conventional amplitude modulation, the bandwidth of the upper and 
lower sidebands is (a) always the same, (b) often the same, (c) never the 
same. 


12. How many pairs of sideband signals are produced when three different 
audio signals modulate a carrier? 


13. The unmodulated r-f carrier power of a radio station is 50 kW. What is the 
total sideband power and what is the power in each sideband at 100% 
modulation using a sinusoidal audio signal? 


14. If the unmodulated r-f carrier power of a low-power broadcast station is 
100 watts, the total radiated power at 100% modulation with a sinusoidal 
audio signal would be (a) 50 watts, (b) 100 watts, (c) 150 watts. 


15. In the direct method of power measurement, the plate circuit power of the 
output stage is multiplied by an efficiency factor. True or False? 


16. How is the input power of the final stage of a transmitter determined? 


17. High-level modulation in the transmitter of a “‘walkie talkie” takes place in 
(a) any stage preceding the plate or collector circuit of the final r-f 
amplifier, (b) the plate or collector circuit of the final stage that feeds the 
antenna. 


18. Where could low-level modulation take place in the transmitter of the 
‘‘walkie talkie” referred to in Practice Exercise 17? 


19. The microphone amplifier of a typical transmitter supplies the audio signal 
to the final r-f amplifier where modulation takes place. The r-f amplifier is 
therefore called the modulator and the microphone amplifier is called the 
modulated stage. True or False? 


20. Less audio power is required to modulate an r-f carrier in low-level 
modulation than in high-level modulation. True or False? 


21. Plate modulation of the final r-f stage in a Citizens Band transmitter is a 
popular form of (a) low-level modulation, (b) high-level modulation. 


22. When the plate voltage of the modulated amplifier decreases to zero during 
one alternation of the a-f signal and increases to twice the plate supply 
voltage during the next alternation, the modulation percentage equals (a) 
0%, (b) 50%, (c) 100%. 


23. Suppose that you were designing an AM transmitter for use on the 
Amateur Radio bands. If high-level modulation is to be used, what class of 
operation could you use for greatest efficiency in the intermediate r-f 
amplifiers? 


24. With suppressor grid modulation, the suppressor grid can be connected 
directly to the cathode. True or False? 
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Transistorized Modulation Circuits 


For many years, commercial AM broadcast stations used vacuum tubes 
instead of transistors because of the higher power available. However, 
transistor circuits are presently replacing the older tube circuits because 
transistors with high-power capabilities are now available. Both high- and __ 
low-level modulation can be obtained using methods _similar_to. _those 
described for v acuum tubes in the previous sections ns of this lesson. _ 


Dt ey 


Two types of transistorized modulation circuits are shown in Figure 1-17. 
EMITTER MODULATION is shown in Figure 1-17A. An a-f modulating 
signal is applied to the emitter circuit, while the r-f carrier is applied to the 
base circuit. The a-f signal aids and oppo on the emitter, 
resulting in changes in the base-to-emitter bias voltage. These changes cause 
corresponding changes in the current through the Collector circuit, resulting 
in an amplitude-modulated carrier output. 


q 


au : 
} OUTPUT 5 AM OUTPUT 
R-F R-F 
INPUT INPUT, 
Ta 
Cc 
C4 A-F INPUT 
A-F R2 
INPUT 
-DC 
B 
Figure 1-17 


Figure 1-17B shows COLLECTOR MODULATION. This type of modula- 
tion is similar to plate modulation of a vacuum tube. The a-f signal is applied 
to the collector circuit through the modulation transformer, T,. This signal _ 
alternately aids and opposes the collector voltage. Variations in the collector 
oliage cause changes in collector current resulting in an amplitude-modu- 


lated carrier output. 


Either the emitter or collector modulation circuit just described can be used 
in the transmitter circuit shown by the block diagram of Figure 1-18. This 
transmitter uses low-level modulation. The r-f section consists of an r-f 
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oscillator, buffer amplifier, modulated amplifier and power amplifier. The a-f 
section contains a low-frequency voltage amplifier and a low-power modu- 
lator stage. 


BUFFER MODULATED POWER 
AMPLIFIER AMPLIFIER AMPLIFIER 


A-F 
A-F INPUT VOLTAGE MODULATOR 
AMPLIFIER 


Figure 1-18 


The SS CE ee ee 
tion takes p MAMI Cig ce st 
efficiency. However. the following stages must be operated wil very little 

istortion. This generally requires Class B or a more distortion-free class of 


Operation. 


TYPES OF TRANSMISSION 


In standard AM radio broadcasting, both sidebands are transmitted just as 
they are produced at the output of the modulated amplifier. jas ee 
transmission is known as DOUBLE SIDEBAND TRANSMISSION (DS). The 


info itted is contained within both the upper and lower 

sidebands. Each si i ion that is in the other. 

THE CARRIER DOES NOT CONTAIN INFORMATION IN AM. 
a EE ee ee ae 


nil 


nak 


Since the carrier acts merely as a reference for the sidebands, it is possible 
to remove the carrier from the transmitted r-f signal and still transmit the 
intelligence. This type of transmission is called DOUBLE SIDEBAND 
SUPPRESSED CARRIER TRANSMISSION (DSSC). For a _ receiver to 
recover the information in the sidebands, a carri j 
S enerating a Carrier signal at the receiver. The 
reinserted carrier has to have the exact frequency and phase as the original 


rrier if distortion is to be avoided. 


If only one sideband is transmitted, information can still be transmitted 
because each sideband, at any instant, contains the same information as the 
other sideband. This system is known as SINGLE SIDEBAND TRANSMIS- 
SION (SSB). 1 RW ae ee eerie 
ee 
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SUPPRESSED CARRIER TRANSMISSION 


In conventional AM broadcast transmission, there is more power in the 
carrier than in both sidebands. Se oe ae lake in suppressed 
OS ee eee 1é Carrier is not 
transmitted, the sideband power can be increased without increasing the size 
of the transmitter. 


As an example, consider a 100-watt carrier that is 100% modulated. Since 50 
watts are contained in the sidebands, the total transmitted power is 150 
watts. If the carrier is suppressed, the sideband power can be increased to 
150 watts without changing the transmitted power. This 150 watts represents 
useful power, since none of it is being used for the carrier. 


One system for ressing a Carrier signal and obtaining modulated 
sidchapds Involves a cwrcuit colada BALANCED MODULATOR: Balanced 
modulators take different forms, but they all serve the same basic purpose. 
These circuits oth u nd frequencie 


MODULATION AND DEMODULATION 


greatly suppress the carrier. The transmission of color television often uses 
Re rerlsduiatortoren res the color subcarrier. 


Figure 1-19 shows a circuit which illustrates the operation of a balanced 
modulator. Tubes V, and V, have identical characteristics. Notice that there 
are two signal sources in the grid circuit of each tube. One source is the 
secondary of T,. The other is half the secondary of T,—the upper half for V, 
and the lower half for V5. the output ither V, or V. depends on 
both the r-f input and the modulating signal (a-f input). 


Ty 13 


Z : MODULATED OUTPUT 


Figure 1-19 


The r-f input is coupled through T, to the grids of both V, and V.. Asa result, 
the r-f_si is applied to the grids in phase. The a-f signal or modulati 
signal is co yu : en the modulating 
signal drives the grid of V, less negative, it drives the grid of V. more 
negative. On the other alternation, the opposite occurs. Thus, the modulating 


signal is applied to the grids 180° out-of-phase. laa 
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Since the r-f signals applied to the grids of V, and V, are of the same phase 
and amplitude, the resulting changes of V, and V, plate currents o and 
the carrier frequency is zero 

Pies 


The modulating signals at the grids of V, and V, are 180° out-of-phase. Thus, 
when the \V, plate current increases due to a modulating signal, the V, plate 
current decreases due to the modulating signal. Thus, there is an increase in 
the current passing downward in the upper half of T;, and a decrease in the 
current passing upward in the lower half of T,. The result is an additive 
effect as far as the current change in the entire T,; primary winding is 
concerned. On the other alternation of the modulating signal, these condi- 
tions reverse. V, and V, are operated in nonlinear fashion by proper 
selection of the grid bias voltage (—DC). As a result, the increase of plate 
current in one tube is greater than the decrease of plate current in the other 
tube. 


When both a modulating signal and an r-f carrier signal are fed into the grid 


circuit, sidebands are produced. We have stated when two frequencies 
re fed into a mo it ible to get f Ss Out. These 


signals are the two original frequencies and the upper and lower sidebands. 
We have d by cancer ation in Ts. This leaves 


filtered out because of the low, ‘impedance te the T, primary has at this 
frequen 1S leaves s only the two sidebands at the output of T;. 


} 


Suppressed carrier transmission is used in some forms of communications. 
For example, it is supe tn oth color television and i fredicasy ecu 
stereo broadcasts. The color subcarrier in TV is suppressed in a balanced 
modulator to produce a double sideband suppressed carrier signal. The 


multiplex subcarrier used in stereo FM is also suppressed in a balanced 
modulator to produce a double sideband suppressed carrier signal. 


SINGLE SIDEBAND TRANSMISSION 


The information contained in both the upper and lower sidebands is identical 
at any given instant. To transmit information, only one sideband is really 
needed. Thus, the carrier and also one sideband can be suppr . singlé 


‘and_the remaining sideban 


side ission_can be obtained using a balanced modulator to 
remove the carrier; then, either the upper or ower sidé IS Suppressed 
is transmitted. 
Soe ee eee eae acne 


a acer eehcetintnsominyy 
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So-- 
SDESAND Geneee 
ROMS, Be 55 


This sideband generator produces crystal controlled AM, 

SSB and other signals. At the transmitter, it is followed by 

linear amplifiers to produce a higher power output signal. 
Courtesy Gates Radio Co. 


reduced because only one sideband is used. Also the sideband power can be 
increased _witheut-increasing the | ont *r. Therefore, if a 


station is allowed a certain amount of transmitted power, all of this power 
can be put into the one sideband. 


It<should be stressed that this system of transmission uses less of the 

s produces less interfere - 
frequency spectrum. This produces less interference in crowded communi 
cation channels. For this reason, single sideband transmission is finding 
increased use in communications, especially amateur radio. 


A block diagram of a single sideband transmitter is shown in Figure 1-20. For 
simplicity, only five blocks are shown. The upper left block represents the 
r-f section supplying the carrier. The series of amplifiers used to increase the 
audio signal to the level required by the modulated stage are shown by the 
single block marked a-f section. The output of the r-f section and the output 
of the a-f signal section are applied to the balanced modulator. 


oy3[= BALANCED SINGLE LINEAR SSIs 
SIDEBAND R-F R-F 
SECTION MODULATOR FILTER AMPLIFIER OUTPUT 


A-F 
SECTION 


The original r-f carrier signal is suppressed by the balanced modulator. Only 


the upper and lower sidebands appear in the output of this stage. To remove 
5 eS se 


Figure 1-20 
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| | 

RS a RT 
(ioe abe 
| | | 

| 


im y UU 


Figure 
1-21 


of the el sae the output dulator is applied to a 
. This filter network is designed to pass the band of 


frequencies of one "sideband while removing the other sideband. The output 
of the filter network is a single sideband—either the upper sideband or the 
lower sideband. 


A si i ratively low-power 


_level. Therefore, a linear amplifier block follows the filter of Figure 1-20. 


This may contain a number of stages of amplification, depending on the 
desired output power level to the antenna. 


BASIC THEORY OF FM 


In FM, the m al varies the frequ ier, A 
instant litude of the modulating signal es the frcuete f 


the r-f carrier changes. However, the amplitude of the carrier does not 
Seen aaa BR pis SE 


change. The frequency of the modulating signal determines the rate of 
carrier frequency change. 


Figure 1-21 shows the principles of frequency modulation. The modulating 
signal is shown in Figure 1-21A and the r-f carrier in Figure 1-21B. As in 
most modulation systems, the r-f carrier frequency must be higher than the 
highest modulating signal sTequency- For this explanation, assume that the 
modulating signalis 1000-HE andthe r-f carrier is 1 MHz. 


Figure 1-21C shows the resultant frequency-modulated r-f carrier. Notice 
that as the modulating signal increases to its maximum positive value (point 
W), the carrier frequency increases (the waves bunch up). Then, as the 
modulating signal drops back to zero (point X), the carrier frequency returns 
to its original value. As the modulating signal increases to its maximum 
negative value (point Y), the carrier frequency decreases (the waves spread 
out). Finally, as the modulating signal returns to zero (point Z), the carrier 
frequency returns to its original value. 


Therefore, as the modulating signal goes positive and negative, the carrier 
frequency deviates above and below its original value. The amount of carrier 


frequen e is referred to as FREQUENCY DEVIATION or C 


NTER FRE 


The AMOUNT of carrier deviation is proportional to the AMPLITUDE of 
the modulating signal. Maximum Carrier deviation occurs at the peaks of the 


modulating signal. Figure 1-21D shows a modulating signal with half the 
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amplitude of that of Figure 1-21A. The resultant frequency-modulated r-f 
carrier is shown in Figure 1-21E. Remember, the greater the amplitude of the 
modulating signal, the greater the carrier deviation. 


Suppose that the modulating signal of Figure 1-21A causes a carrier 
deviation of +.1 MHz. With a center frequency of 1 MHz, the carrier 
frequency is 1.1 MHz at point W in Figure 1-21C and .9 MHz at point Y. 


Since the modulating signal amplitude in Figure 1-21D is reduced by 
one-half, the resulting carrier deviation in Figure 1-21E is also reduced by 
one-half. One-half of .1 MHz is .05 MHz. Thus, the carrier frequency is 1.05 
MHz at point W in Figure 1-21E and .95 MHz at point Y. 


The RATE of carrier deviation depends on_t UENCY of the 
naGHag-Aghalorisire Te27 Snowe The cffects of modulating sana 
frequency. Figures 1-22A, B and C are the same as Figures 1-21A, B and C. 
With a modulating signal frequency of 1 kHz, the carrier deviates above and 
below its center frequency 1000 times per second. In Figure 1-22D, the 
modulating frequency is doubled (2 kHz). Notice in Figure 1-22E that the 
carrier deviates twice as often as in Figure 1-22C. With a modulating 
frequency of 2 kHz, the carrier deviates above and below its center 
frequency 2000 times a second. Note tha that the modulating frequency affects 


the rate of deviation, not the-amount of deviation. 


oe principles of frequency modulation can be_summed up as follows: 


(4) ‘In FM the AMOUNT of carrier deviation (frequency deviation) is 
proportional to the modulating signal AMPLITUDE. 


| | 

(2. In FM the RATE of carrier deviation (frequency deviation) is the same as . | 

the modulating signal FREQUENCY. | | 

| | 

In FM the AMPLITUDE of the total radiated power REMAINS CON- | | 
ie IAAL 


FM MODULATION PERCENTAGE VANE 


When an r-f carrier is frequency modulated, it is forced to deviate above and 
below its center frequency. The carrier deviation is directly proportional to Figure 
the modulating signal amplitude. Theoretically, 100% modulation occurs 1-22 
when the carrier is made to deviate from zero frequency to twice its center 


frequency. xample, a [-MHz carrier would deviate from 0 Hz to 2 MHz 
at 100% modulation. : Carrier would deviate from 0 Hz to 4 MHz. 
Thus, 100% modulati ould cause a different amount of carri viation 


for different carrier frequencies. 
“STS a eee 
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You can see how impractical this modulation requirement would be in terms 
of bandwidth. Therefore,100% modulation is defined as some particular 
deviation, regardless of carrier frequency. The actual carrier deviation 
designed as 100% modulation depends on the particular communications 


service. 


n the FM broadcast band (88-108 MHz), 100% modulation produces a 
Carri jation of +75 kHz from the center frequency. As another 
example, the FM sound carrier of a TV station is limited to a carrier 

a+ Slaven Is Mies eae 


deviation of =25/KHz for 100% modulation. 


In the 25-50 MHz and 150-174 MHz two-way communications band, the 
carrier deviation is only +5 kHz for 100% modulation. A communications 


service wi carrier deviation such as this is referred to as 


BAND FM. 


The maximum carrier deviation for the various communications jeest 
the United Sats assigned by the FCC. The carer deviations are chosen 
“$0 that the desired number of stations can operate without interfering with 
each other. Other countries have similar regulating organizations. 


Reducing the carrier deviation to below that specified for 100% modulation 
is a reduction in the MODULATING PERCENTAGE. For example, in the 
88-108 MHz FM broadcast band, +75 kHz deviation is 100% modulation. A 
deviation of +37.5 kHz (half of 75 kHz) is 50% modulation, and so on. 


FM SIDEBANDS 


enever a carrier is modulated, additional sign These 


signals are grouped slightly above and below the carrier frequency and are 
called SIDEBANDS. The sidebands, produced by the modulation process, 
contain the intelligence that is being transmitted. The intelligence is recov- 
ered from the sidebands at the receiver. 


When a carrier is frequency mo ; nu i i 
are p . However, the signals far from the carrier 


little amplitude that they can be disregarded. 


Figure 1-23A shows the result of frequency modulating a carrier with a 
15-kHz sinusoidal signal. The first lower sideband signal is 15 kHz below the 
carrier while the first upper sideband is 15 kHz above the carrier. These two 
sideband signals, spaced equally above and below the carrier, are called a 
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AMPLITUDE 


Figure 1-23 


SIDEBAND PAIR. The second sideband pair is 30 kHz above and below the 
carrier. This places the second sideband pair 15 kHz away from the first pair. 
The separation between adjacent sideband signals is determined by the 


frequency of-the-modulating— signal. For example, in Figure '1-23A, the 


separation 1S Z. 


Figure 1-23B shows the results of frequency modulating a carrier with a 
5-kHz sinusoidal signal. Notice here that the sideband signals are 5 kHz 
apart. 


The_energy_in_each sideband pair does not decrease uniformly as the 
separation from the carrier is increased. For example, the fourth sideband 


pair in Figure 1-23B has greater amplitude than the third sideband pair. A 
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point is reached, however, where the outermost sideband signals contain So ~ 


little energy that they can be disregarded. This point is determine 
factor called the ULATI 


The modulation index is the uency deviation to the 
modulating signal frequency. This is shown below. 
> ALAS ae ee eal cans, 


~ 
~ 


“Modulation Index = —C@ttier Frequency Deviation _ 3) 
Frequency of Modulating Signal 


Assume that 100% modulation causes a carrier frequency deviation of +75 
kHz and the modulating signal frequency is 5 kHz. We can use these values 
in the formula to find the modulation index: 


75 


Modulation Index = si} 5- 
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Regardless of the percentage of modulation or the modulating signal 
frequ ex 1s calculated_i manner. For 
example, ee that the 5-kHz modulating signal has only enough 
amplitude to cause 40% modulation. This produces a carrier deviation 
of 40% of +75 kHz, or +30 kHz. The modulation index is then as shown 
below: 


Modulation Index = 30 _ 6. 
5 


The importance of the modulation index is its relati ip to the bandwidth 


ured to transmit an FM signal. The bandwidth must be wide enough to 


aanias of signet sideband pairs for various values a modulation index 
is given later in this lesson. 


The bandwidth of an FM signal i artly by the modulating signal 
SGhEREy “TRS TEDduIAGI signal, frequenee Ieee cee 
Increasing the modulating signal frequency decreases the modulation index 


and the number of significant sideband pairs. However, although fewer 
sideband pairs exist, they are separated further from the carrier; therefore, 


the increase in modulating si increases the bandwidth. 


i e in the modulati i ency decreases the 
bandwidth. 
pecdete NE ork 


RADIATED POWER 


When an r-f carrier is frequency modulated, power is transferred from the 
carrier to the sidebands. The power removed from the carrier is such that the 


sum of the carrier and sideband powers remains constant. , the tota 


lated power remains constant. This is unlike an system, Where the 


r 
total radiated power varies with the percén i 


MODULATOR SYSTEMS 


There_ar ic_ systems which are used to produce a fr - 


modulated signal. In the DIRECT FM system, modulation takes place in the 

master oseillator stage. Tn the INDIRECT FM system, the signal from an 

scillator is fed to another stage, where frequency modulation occurs. The 
th ee eae at Ee Seay Gee ee 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


MODULATION CIRCUITS 
CONTROL GRID MODULATION 
TRANSISTORIZED MODULATION CIRCUITS 
TYPES OF TRANSMISSION 
SUPPRESSED CARRIER TRANSMISSION 
SINGLE SIDEBAND TRANSMISSION 
BASIC THEORY OF FM 
FM MODULATION PERCENTAGE 
FM SIDEBANDS 


RADIATED POWER 


25. Why might control grid modulation be used rather than plate modulation 
in a taxicab mobile transmitter? 


26. Low-level modulation cannot be used in a transistorized, low-power, 
aviation radio transmitter. True or False? 


27. Assume that two mobile radio transmitters have the same output power. 
One uses high-level modulation and the other low-level modulation. Which 
modulator must provide the least amount of power for 100% modulation? 


28. Which class of operation is often used for the modulated amplifier of 
Figure 1-16 or 1-18? 


29. What is one advantage of DSSC transmission over conventional AM 
transmission? 
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30. 


a Ie 


oc: 


Bae, 


34. 


a5. 


36. 


KE 


38. 


39, 


What type of circuit might you expect to find used to suppress the color 
subcarrier in color TV transmission? 


The output of a balanced modulator is (a) a carrier signal without 
sidebands, (b) a carrier and both sidebands, (c) both sidebands without a 
carrier. 


The transmitter circuitry of a single sideband transmission is more 
complicated than the circuits used in a standard double sideband system. 
True or False? 


An important advantage of single sideband transmission is (a) the de- 
creased signal-to-noise ratio, (b) the increased power needed for modula- 
tion, (c) the smaller space required in the frequency spectrum. 


Only one sideband is required to transmit information. True or False? 


A filter network is used in a single sideband transmitter to remove one of 
the sidebands. True or False? 


How does most electrical interference affect a radiated r-f carrier? 


What characteristic of an r-f carrier is varied in an FM communications 
system? 


In FM, the amount of carrier deviation (frequency deviation) is deter- 
mined by the modulating signal (a) amplitude, (b) frequency. 


How does the modulating signal amplitude affect the carrier amplitude in 
FM? 
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41. 


42. 


43. 


44, 


45. 


46. 


47. 


48. 


49. 


50. 


In FM, the rate of carrier deviation (frequency deviation) is determined by 
the modulating signal (a) amplitude, (b) frequency. 


Increasing the modulating signal frequency increases the amount of 
carrier deviation. True or False? 


Why is the carrier deviation limited to a specific amount in various FM 
communications services? 


What is the maximum carrier deviation in the FM broadcast band (88-108 
MHz)? 


In the 150-174 MHz two-way communications service, 100% modulation is 
a carrier deviation of (a) +37.5 kHz, (b) +1.7 MHz, (c) +5 kHz. 


The carrier deviation for 50% modulation of a TV station sound carrier is 
+12.5 kHz. True or False? 


When a carrier is frequency modulated, only one sideband signal is 
produced. True or False? 


If a 4-kHz sinusoidal signal frequency modulates a carrier, what is the 
separation between the sideband signals? 


In Figure 1-23A, how far (in terms of frequency) is the third lower 
sideband signal from the carrier? 


For what purpose is the modulation index used? 


Suppose that the carrier deviation of an FM wave is 25 kHz and that the 
modulation signal frequency is 10 kHz. What is the modulation index? 
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When the modulating signal frequency increases, the bandwidth of an FM 
station (a) increases, (b) decreases, (c) remains the same. 


What happens to the total radiated power of an FM station during 
modulation? 


Direct FM 


Figure 1-24 shows the simplified block diagram of a direct FM system. The 
system is for an FM broadcast station (88-108 MHz). The modulating signal is 
an audio signal. This signal is amplified and applied to the modulator stage. 


oi ut of the modulator stage is used to deviate the master oscillator 
frequency. The frequency-modulated output from the master oscillator is - 


then amplified and applied to the antenna system. 


MASTER 
AUDIO AUDIO FM WAAR ata POWER 
f A 
AMPLIFIER MODULATOR 107.9 MHz MPLIFIER 


Figure 1-24 


Notice that in Figure e master oscillator is operating at the carrier 
irre mccieeeda iene ae “quite high, oscillator fre- 
quency stability can_be a problem. Very small changes in Compenent-or 
ofreuit characteristics can cause az appreciable shift in the oscillator center 


frequency. This causes serious difficulty in the reception of the signal. 


Another requirement of the direct FM system shown in Figure 1-24 is that 
the master oscillator must iate the full amount required for the particular 
>. EIT aeeeeere ae . . 

communications service. For example, the master oscillator must deviate 


+75 kHz at 100% modulation when used in an FM broadcast system. In 
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actual equipment, it is difficult to produce_these large deviations and still _ 
em 


maintain linearity. For example, if a 1-volt signal applied to the modulator 
causes a deviation of +5 kHz, a 2-volt signal should produce a deviation of 
+10 kHz and so on. Actually, the 2-volt signal may only produce a deviation 
of +9 kHz. 


MASTER 
OSCILLATOR 
2.5MHz 


POWER 
AMPLIFIER 


90 MHz 
FM AUDIO 
MODULATOR AMPLIFIER 


Figure 1-25 


e difficulties of the simple system shown in Figure 1-24 can be overcome 
by using t nt shown in Fig er cillator 


perates at a frequency below the carrier aia o Ene output ofthe 


f FRE Y MULTIPLIERS, The 
frequency multipliers increase the master oscillator frequency to the desired 


carrier frequency, 90 MHz in this example. 


90 MHz 


AUDIO 
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frequency multiplier is an amplifier cir s its output circuit 
tuned to a harmonic of the input circuit. As a result, the output frequency is 
a harmonic (multiple) of the input frequency. For example, a frequency 
doubler has its output circuit tuned to the second harmonic of its input 


circuit. A frequency tripler has its output circuit tuned to the third harmonic 
put circ ie ia ee > a 
of its input circuit. ———————_ 


The first frequency multiplier in Figure 1-25 is a tripler (<3). Since the 
master oscillator frequency is 2.5 MHz, the output of the first frequency 
multiplier is 3 X 2.5, or 7.5 MHz. The 7.5-MHz signal is then fed to a doubler 
(x2). The output of the doubler is 2 x 7.5, or 15 MHz. The next tripler 
increases the frequency to 3 x 15, or 45 MHz. Finally, the last doubler 
increases the frequency to the desired carrier frequency of 90 MHz. 


With the frequency multiplier system, the master-escillator-can-be operated 


Ara lows Slable edueney Any de Any desired carrier frequency can be obtained by 
using frequency multipliérs. — RY Sie 
aa oe dis oc Le 


In addition to multiplying the master oscillator frequency, the frequency 
multipliers multiply the amou amount of ma master fer oscillator frequency deviation. 
Suppose that at 100% modulation the master oscillator frequency deviation 
of Figure 1-25 is +2 kHz. The frequency multipliers provide a total 
multiplication of 3 x 2 x 3 xX 2, or 36. The resultant carrier frequency 
deviation is 36 X 2, or +72 kHz. Thus, the master oscillator need only be 
deviated a small amount. As a result, the linearity is improved and distortion 
is reduced. 


Even though the master oscillator operates at a low frequency in the direct 
FM system of Figure 1-25,frequency_stability is still a problem. To further 
improve stability, an AUTOMATIC ENCY CONTROL (AFC) sys- 


tem is used. 

AUDIO FM MASTER FREQUENCY POWER 

AMPLIFIER] |MODULATOR OSCILLATOR MULTIPLIER] |AMPLIFIER 
FREQUENCY 


COMPARATOR 


CRYSTAL 
OSCILLATOR 


Figure 1-26 
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Figure 1-26 is the block diagram of a direct FM system with AFC. The AFC 
accurate and cillator. Any change in the master oscillator 
center frequency i nN Signal is sent to the modulator. 
The correction signal returns the master oscillator to the correct frequency. 


Indirect FM 
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In an indirect FM system, the master oscillator_1 constant 
frequency. Frequéncy modulation ce_in another stage. With this > 
arrangement, a fixed-fr highly stable, master oscillator can be used. 


MASTER 
OSCILLATOR 
(CRYSTAL) 


PHASE 
MODULATOR 


AUDIO 
AMPLIFIER 


Figure 1-27 shows the block diagram of an indirect FM system. Frequency 
eral developed ty theater oacllntor. Thi to shift the PHASE of 
the r-f signal developed_by the master oscillator. This s type of n modulation 1s 
known as PHASE MODULATION (PM). ieee 


a 


FREQUENCY 
MULTIPLIERS 


POWER 
AMPLIFIER 


Figure 1-27 


When an r-f F signal i is s phase modulated, its frequency deviates 1 in proportion 


CORRECTO ~<—— 


Figure 1-28 shows how phase modulation produces frequency modulation. 
The modulating signal is shown in Figure 1-28A. The dashed waveform of 
Figure 1-28B represents the unmodulated r-f signal from the master oscil- 
lator. The solid waveform is the phase-modulated r-f signal. 


At the left of Figure 1-28A, the modulating signal is increasing to its 
maximum positive value. The phase modulator causes the phase of its 
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— 


bee a, 


Figure 1-28 


output signal to lag the signal from the master oscillator. This is shown in 
Figure 1-28B by the spreading out of the solid waveforms (modulated 
signal). The spreading out causes the cycles of the modulated signal to lag 
the unmodulated signal. The spreading out of the cycles also represents a 
decrease in frequency. As the modulating signal decreases to zero, the 
amount of lag decreases until the modulated signal is in phase with the 


master oscillator signal. 


The opposite action occurs on the negative alternation of the modulating 
signal. The negative alternation causes the modulated signal to lead the 
output of the master oscillator. This, in turn, produces an increase in 


frequency. 


In Figure 1-28C, the modulating signal frequency has been increased. This 
affects the frequency deviation, as shown in Figure 1-28D. With an increase 
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in the modulating signal frequency, the phase must change more rapidly. To 
accommodate this, the modulated signal cycles spread out and bunch up 


more. As a result, the frequency deviation increases. This.undesired_ 


increase 16 compensated for by the audio corrector circuit in the transmitter. 
The result is a frequency-modulated signal €viatio 


depends only on the modulating signal amplitude. 
Re ee 


Reactance Tube Modulator 


One direct FM _s m_used to frequency modulate a carrier is the 
REACTANCE TUBE MODULATO . Figure 1-29 shows the circuit of a 
reactance tube modulator and the master oscillator it controls. The reac- 
tance tube modulator, V,, is to the left of the dashed line. To the right of the 
dashed line is V,, a Hartley oscillator. Grid leak bias for V,. is provided by R; 
and C,. L; and C, form a decoupling circuit which prevents r-f from being 
coupled back to the power supply. 


TO FREQUENCY 
MULTIPLIERS 


Figure 1-29 


The V, reactance tube modulator connected across (in parallel with) the 
C;L, tank circuit acts like an-inductance that is controlled by the modulating 
signal. The modulating signal is fed to the screen grid of V, through T,. 
Therefore, the inductance of V, varies in step with the modulating signal. 
The changing V, inductance varies the resonant frequency of the C;L, tank 


circuit. T dulator varies the of the 


master oscillator according to the modulating signal. 


Let’s examine the operation of the V, circuit in greater detail. The r-f signal 
developed by the V, oscillator circuit-appears across C; and Ly. This r-f 
signal is coupled to the plate circuit of V, through C;. The r-f signal is also 
applied to the control grid of V, through the R,C, network. The values of R, 
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and C, are chosen so . ltage at the control grid of Vi lags the > If 
voltage coupled to its plate by 90°. 


—y 
‘ 


The plate current variations of a vacuum tube are in phase with the control 

grid voltage variations. Therefore, since the V, control grid voltage lags the 

r-f voltage at the plate, the V, plate current also lags the V, r-f plate voltage. 

Whenever the current through a device lags the voltage across it, the device 

presents the effect of an inductance. Thus, V, acts as an inductance in 

parallel with C; and L,. 7 i ae IS 
i, ence 


nm 


The V, screen grid is connected to B+ through the secondary of T,. The 
audio input, or modulating signal, connected to the primary of T,, causes a 
variation in the V, screen voltage. When the modulating signal drives the V, 
screen voltage more positive, the plate current variations increase in 
amplitude. On the other alternation of the modulating signal, the V, screen 
voltage becomes less positive, thus decreasing the amplitude of the plate 
current variations. 


This FM transceiver operates in the 118-136 MHz band and 
is used for two-way communications between aircraft and 
ground service stations. 

Courtesy Communications Co., Div. of E. F. Johnson 
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An increase of V current appears as a decrease of inductance across 
C,. This causes an increase in the requency -y developed by Vo. écrease of 


ached tS Ie ad: 
, plate current appears as an increase of inductance across C; and causes a 
decrease in the frequency developed by V5. 


ee ee Ras eaten ctane epee serves the circuit 
to the L,C; tank. This ,in_turn, varies the frequency of the r- f signal 
developed by V;. The frequency-modulated signal appearing across C; and 
L; is applied to the frequency multipliers in the transmitter. 


A reactance tube circuit can be designed so that it appears as a variable 


: . 5 : ° Cp cnT RAN INEPT Pa ae meres Recent 
eecuenee Ts can be done in the circuit of Figure 1-29 by interchanging 
the positions of R, and C, and changing their values to provide the desired 


results. 


Serrasoid Phase Modulator 


Figure 1-30 shows the block diagram of.an indirect_F stem call 


the oscillato ; The disadvantage of a PM system is 
the small amount of frequency deviation produced. This requires the use of 
i IR WES aS Sa 
many multipliers to obtain the desired frequency deviation. 


110 kHz 110 kHz HO kHz 10 kHz 
SINEWAVE PULSES SAWTOOTH +85 Hz 


SAWTOOTH FREQUENCY 
Saas PHASE MULTIPLIERS 
MODULATOR X864 


Figure 1-30 


In the serrasoid PM system of Figure 1-30, the crystal oscillator develops a 
stable low-frequency sinusoidal signal, 110 kHz in this example. This 
sinusoidal signal is fed to a pulse shaper circuit. The pulse shaper is an 
overdriven amplifier that produces 110-kHz pulses. These pulses are used to 
trigger a sawtooth generator, which produces a 110-kHz sawtooth wave- 
form. 


The 110-kHz sawtooth is fed to the sawtooth phase modulator, which 
conducts only on the positive-going portions of the sawtooth. Also applied 
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SE ID PHASE MODULATOR. As mentioned earlier, Merete Sua 
has the advantage of increased stability. Modulation does not take place in 


to the sawtooth phase modulator is the audio modulating signal. ene) 


mod odulator to conduct at different points on the 
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sawtooth. The exact point at which r conducts depen the 
amplitude of the modulating signal. The final result is that 110-kHz phase- 
modulated pulses are produced. 


PULSES PRODUCED EACH TIME MODULATING SAWTOOTH 
MODULATING SIGNAL CROSSES SIGNAL GENERATOR 
POSITIVE—GOING PORTION OF 
SAWTOOTH 


OUTPUT 


Figure 1-31 


Figure 1-31 shows the waveforms in the serrasoid circuit. The modulating 
signal and sawtooth applied to the sawtooth phase modulator are shown in 


Figure 1-31A. Each time the modulating signal crosses the positive-goin 
portion of the sawtooth, the sawtooth phase modulator develops an output 


pulse. These pulses are shown in Figure 1-31B. Notice that the spacing 


(phase) of the pulses varies with the modulating signal. 


The pulses from the sawtooth phase modulator are then fed to a frequency 
multiplier. After multiplication, the pulses appear as a frequency-modulated 
r-f signal. 


In Figures 1-28 and 1-31, we have taken liberty of exaggerating the amount 
of phase shift produced so that the change would be readily apparent. 
Actually;the amount of phase shift is very small. For example, the deviation 
of the 110-kHz pulses in Figure 1-30 is only +85 Hz. The multiplier circuit in 
Figure 1-30 then multiplies the pulse frequency and the amount of frequency 
deviation 864 times. This results in a carrier center frequency of 110 kHz x 
864, or about 95 MHz, and a carrier deviation of +85 Hz x 864, or about +73 


kHz. These values are suitable for FM broadcasting. By choosing the proper 


crystal oscillator frequency and_ multiplication factor, any desired carrier 
frequency and deviation can be obtai 


STEREOPHONIC MULTIPLEXING 


When we hear sound, we can usually tell the direction it is coming from. For 
example, if a number of people are involved in a conversation, we hear some 
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This stereo FM signal simulator is used for alignment of the 
stereo multiplex circuitry of an FM receiver. 
Courtesy RCA-Electronic Components Div. 


of the voices from our left, some from in front of us, etc. However, when 
sounds are broadcast by monophonic radio, or records are played on an 
monophonic phonograph, we tend to lose this sense of direction. All sounds 
come from a single point—the speaker of the radio or phonograph. 


By using a two-channel recording or broadcasting system, some of the 
effects heard while listening to a live performance can be duplicated. The 
sounds we would hear with our left ear are picked up by one microphone, 
while the sounds we would hear with our right ear are picked up with 
another microphone. The two signals are kept separate and recorded or 
broadcast. In our home, we receive the two signals and amplify them 
separately. A two-channel sound system such as this is referred to as a 
STEREOPHONIC SYSTEM. 


To transmit a stereophonic (two-channel) signal, a special system of 
transmission has been authorized by the FCC in the United States. The 
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stereo signal is tr itted by FM broadcast stations, using a MULTIPLEX 
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TRANSMISSION system. This system involves the transmission of more 


than one mo i ®nal, using only one carrier. 


Two microphones are among the equipment used to transmit a live stereo 
broadcast. One microphone picks up what we would hear with our left ear, 
and another microphone picks up what we would hear with our right ear. 
The left (L) and right (R) signals from the microphones, or from playback 
equipment if the broadcast is recorded, are added together to form anL + R 


signal. The L + R si imes called the MAIN CHANNEL. 


The L + R signal is only a part of the complete stereo signal that modulates 
the carrier of the FM transmitter. To form another part of the complete 
stereo signal, the R signal is subtracted from the L signal to form anL — R 
signal. his Le eee ee 38-kHz subcarrier. _ 
A SUB is a ier lower in frequency than the main carrier. A 
balanced modUltor then processes the [i= RUsigial adie oma 
subcarrier so that the subcarrier is suppressed and only the L — R sidebands 
are retained. The sideband frequencies produced when the L — R signal 
modulates the 38-kHz subcarrier occupy the frequency range from 23 to 53 
kHz (38 + 15 kHz). This band of frequencies is called the STEREO SUB- 
CHANNEL. The suppression of the 38-kHz subcarrier reduces transmitter 
oe . . . 

power requirements and also prevents interference at the receiver. The final, 
essential part of the complete stereo signal is a 19-kHz PILOT SIGNAL. This 
pilot e stereo receiver to process the L — R signal so 


that it can be combined with the L + R signal for proper two-channel 


reception. 
eo 


MAIN CHANNEL STEREO SUBCHANNEL SCA SUBCARRIER 
L+R AUDIO L-R SIDEBANDS AND SIDEBANDS 


PILOT 23 kHz TO 53 kHz 53 kHz TO 75kHz 
19 kHz 
30 Hz TO I5 kHz 


FREQUENCY rN i 2 


Figure 1-32 


Figure 1-32 shows the arrangement of the complete stereo signal which 
frequency modulates the main carrier of the FM transmitter. The SCA 
subcarrier signal shown in Figure 1-32 is discussed in the next section of this 
lesson. 
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addition to the stereo_multip lex_signal, FM_broadcast_stations are 
permitted to transmit another multiplex_signal. The transmission of this 
multiplex signal is authorized by the FCC under the Subsidiary Communica- 


tions Act (SCA). 


An FM _breadeast-stationmay use the SEA signat to-transmit a program 
consisting of special program music. Individuals or organizations then 


subscribe to the service for a fixed fee. The SCA signal is a subcarrier like 
t used for stereo in that only specia ivers can 1S 


lake USE OF Us 
signal. The SCA signal cannot be demodulated by either monophonic or 
stereophonic FM receivers designed for home use. The SCA subcarrier is 
FREQUENCY MODULATED with the special program music. 


ee ea ee 
Seo uanee nt eee Other subcarrier 
requencies can be used if the station is transmitting a monophonic signal. 
However, during stereo transmission, the SCA subcarrier and sidebands 


must lie between 53 kHz and 75 kHz. Figure 1-32 shows the location of the 
SCA subcarrier at about 67 kHz. 


MODULATION INDEX, 
EFFECTIVE BANDWIDTH AND 
NUMBER OF SIGNIFICANT SIDEBAND PAIRS 


The effective bandwidth of a frequency-modulated signal is determined by 
We enge0 GF iunificang asi ndeaia. The bumper of cignificant sideband 
ie umn, Sclermined eeetucam aon index, The table of Figure 

-33 gives the relationship between the modulation index, the number of 
significant sideband pairs and the effective bandwidth. The numbers in the 
third column indicate multiples of the modulating frequency. 


To use the table, let’s assume that a modulating signal of 4 kHz is causing a 
frequency deviation of 60 kHz. In this case the modulation index is: 


60 kHz 
4 kHz 


= 15. 


Referring to Figure 1-33, when the modulation index is 15, we find that 19 
significant sideband pairs are produced and 1 the effective bandwidth is 38 


times the modulating frequency (38 f,,). Multiplying 38 by 4 kHz gives an 


effective bandwidth of 152 kHz. 
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MODULATION 
INDEX 


°o 
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MYO UA WHY _ 


NUMBER OF 
SIGNIFICANT 
SIDEBAND PAIRS 


EFFECTIVE 
BANDWIDTH 
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Taking another example, let’s assume that a modulating signal of 10 kHz is 
causing a frequency deviation of 75 kHz (100% modulation). In this 
example, the modulation index is: 


75 kHz 
10 kHz 


a 


Whe a fraction, and the fraction i 


more, use the next higher index. If the fraction is less than '/2, use the next 


lower index. From Figure 1-33, using a modulation index of 8, there are 12 
significant sideband pairs produced and the effective bandwidth is 24 times 
the modulating frequency. Multiplying 24 by 10 kHz gives an effective 
bandwidth of 240 kHz, which is more than the 200-kHz channel width 
allotted to an FM station. In actual practice, very little trouble is en- 
countered because the higher frequency audio signals seldom have enough 
amplitude to cause 100% modulation. 


When the modulation index is any_v s_ than stl one significant 
sideband pair is produced. Thus, the minimum bandwi wice 


the frequency of the modulating signal. PY: oy 


SUMMARY 


When a carrier and modulating signal are combined in a nonlinear circuit, 
amplitude modulation occurs. An amplitude-modulated r-f carrier consists 
of the carrier and two r-f sidebands. The sum of the r-f and a-f signals 
produces the upper sideband, and the difference between the r-f and a-f 
signals produces the lower sideband. 


Ampli tion of a signal is usually expressed in terms of percent- 
age: he modulation per is 


ded to the sidebands. At 100% modulat odulated en e 
s to zero and increases i level of the unmodulated 
carrier, Also, at 100% modulation, the sideband power is increased to 50% of 


the carrier power. The total transmitted power is equal to the carrier power 
plus the sideband power. Overmodulation causes distortion of the intel- 
ligence carried. Overmodulation requires a much wider bandwidth, possibly 
producing interference with stations on adjacent channels. 


n system divided into two groups: high- and low-level 


aaa High-level modulation takes place in the final power amplifier 
plate or collector circuit of the transmitter. Low-level modulation can be 
accomplished in a circuit preceding this stage. Low-level modulation 


modulation thai docs isnt ae Iies aoa 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


> ao. 


. For linear operation of an FM modulator system, what should be the 


oh 
56. 
37. 
58. 
i 


60. 


D 61. 


MODULATOR SYSTEMS 

DIRECT FM 

INDIRECT FM 

REACTANCE TUBE MODULATOR 

SERRASOID PHASE MODULATOR 
STEREOPHONIC MULTIPLEXING 
SCA 


MODULATION INDEX, EFFECTIVE BANDWIDTH AND NUM- 
BER OF SIGNIFICANT SIDEBAND PAIRS 


The modulation occurs in the master oscillator in the (a) direct FM system, 
(b) indirect FM system. 


frequency deviation caused by a 2-volt modulating. signal if a 1-volt 
modulating signal causes a frequency deviation of +3.5 kHz? 


What are the two major problems of the simple direct FM system of Figure 
1-24? 


To what frequency is the output circuit of a frequency doubler tuned? 


Assume that a 1.8-MHz oscillator is being deviated +1 kHz and its output 
is fed to one doubler and three triplers. What is the carrier center 
frequency, and what is the carrier deviation? 


The AFC circuit in Figure 1-26 controls the percent of modulation. True or 
False? 


In an indirect FM system, the frequency of the master oscillator remains 
constant. True or False? 


When an r-f signal is phase modulated, the desired frequency deviation 
should be (a) independent of the modulating signal frequency, (b) propor- 
tional to the modulating signal frequency. 


What is the function of the audio corrector in an indirect FM system using 
phase modulation? 
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62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


Basically, what components determine the frequency of oscillation in the 
V, circuit of Figure 1-29? 


In Figure 1-29, V, acts as a variable (a) inductance, (b) capacitance. 


What is the phase relationship between the V, plate voltage and plate 
current in Figure 1-29? 


When the audio modulating signal causes the V, screen voltage in Figure 
1-29 to become more positive, the frequency of V, oscillation increases. 
True or False? 


What is the advantage of an indirect FM system compared to a direct FM 
system? 


Why is such a large frequency multiplication required in the serrasoid 
phase modulator of Figure 1-30? 


To produce a stereo effect, the number of separate sound signals needed is 
(a) one, (b) two. 


What is a subcarrier? 
The left (L) and right (R) audio signals are added together to form an L + 
R signal in the FM stereo multiplex system. This signal frequency 


modulates the main carrier. How is the L — R signal transmitted? 


What is the function of the 19-kHz pilot signal in the FM stereo multiplex 
signal? 


The SCA subcarrier frequency in Figure 1-32 is (a) 19 kHz, (b) 38 kHz, (c) 
67 kHz. 


) 


Frequency modulation is another method of modulating an r-f carrier. In 
FM, the frequency of the r-f carrier is varied by a low-frequency modulating 
signal. The amount of carrier deviation is proportional to the amplitude of 
the modulating signal. The rate of carrier deviation is proportional to the 
frequency of the modulating signal. 


Both mount of i ‘ati of carrier deviation are 


limited by the FCC. In the FM broadcast band (88-108 MHz), the amount of 
carrier deviation is limited to 75 kHz above and below the carrier center 
frequency. Thus, there is a total swing of 150 kHz. This is considered 100% 
modulation. In TV broadcasting, the amount of frequency deviation of the 
sound carrier is limited to 25 kHz above and below its center frequency. In 
TV this is considered 100% modulation. Thus, for any FM transmission, 
100% modulation is the maximum amount of carrier frequency deviation 
authorized by the FCC. 


When an r-f carrier is frequency modulated, j ed from the 
carrier to the sidebands. Thus, in an FM transmission,thetotal amount_of 
power being radiated is const ercentage of modula- 
ieee ec, 


In some transmitters, modulation is accomplished by causing the audio 
signal (or any modulating signal) to vary the frequency of the master 
oscillator directly. An indirect-method, of modulation is employed in other 
FM transmitters. Here, the audio signal is made to change the phase of the 
r-f signal in a stage following the oscillatorThis-effectively produces 
f requency modulation, eae 


PART 2—DEMODULATION AND 
DETECTION 


In a transmitter, the information (voice, music, picture, etc.) to be transmit- 
ted is impressed on a carrier wave. The process of impressing information 
on a carrier wave is called modulation. In. the modulation process, some 
characteristic of the carrier wave such as frequency or amplitude is varied 
by the modulating signal. 


In frequency modulation (FM), the frequency of the carrier swings above 
and below a center frequency. The amplitude of the modulating signal 
determines the amount of swing. The frequency of the modulating signal 
determines the rate at which the carrier frequency varies. 


In amplitude modulation (AM), the amplitude of the carrier varies with the 
modulating signal. The amplitude of the modulating signal determines the 
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maximum and minimum-amplitudes of the modulated carrier. The frequency 
of the modulating signal determines the frequency at which the amplitude of 
the carrier varies. 


In both AM and FM the modulation process produces new bands of 
frequencies above and below the original carrier frequency. These new 
bands of frequencies are called the upper and lower sidebands, respectively. 
For example, assume that a carrier is amplitude modulated by a single 
sinusoidal modulating frequency. The upper sideband frequency is equal to 
the sum of the carrier frequency and the modulating frequency. The lower 
sideband frequency is equal to the difference between the carrier frequency 
and the modulating frequency. 


In one variation of AM called single sideband (SSB), only one sideband is 
transmitted. The other sideband and the carrier are both suppressed at the 
transmitter. In this case, the carrier frequency must be reinserted at the 
receiver. 


The end purpose of the modulating signal is to actuate a transducer, such as 
a speaker or picture tube, at the receiver. Although the transmitted signal 
contains the desired information, it is not capable of actuating a transducer 
directly. In order for the modulating signal to actuate a transducer, it must be 
recovered from the transmitted signal. The process of recovering the 
modulating signal from the transmitted signal is the reverse of the modula- 
tion process. It is called DEMODULATION. Sometimes this process is also 
called DETECTION. The circuits used for this process are called DEMOD- 
ULATORS or DETECTORS. 


A different type of demodulator is required for each type of modulation. 
Frequency modulation requires an FM demodulator, and amplitude modula- 
tion requires an AM demodulator. SSB transmission requires a special type 
of AM demodulator which has some provision for reinserting the carrier 
frequency. In this case, the carrier frequency is produced by an oscillator in 
the receiver. 


AM DETECTION 


Amplitude modulation is used in the standard broadcast band (535 kHz to 
1605 kHz). Amplitude modulation is also used for two-way communications, 
amateur communications, citizens band communications, telemetry and 
many other applications. 


The di i opular device used for AM detection. This type of 
detector is found in almost all standard AM broadcast receivers. Figure 2-1 
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Figure 2-1 


shows how a diode is used to recover the modulating signal from an 
amplitude-modulated carrier. The amplitude-modulated carrier is applied to 
the input terminals. Remember that a diode conducts only in one direction. 
Thus, current exists only in one direction in the circuit and, disregarding C,, 
only the positive alternations of the input signal are developed across load 
resistor R,. 


These high-frequency positive alternations of the input signal cannot 
directly actuate a transducer to reproduce the original information. The 
modulating signal has not been completely recovered. To complete the job, 
capacitor C, is connected across R,. The capacitor smooths out the 


igh-frequency pulses and produces an output that is proportional to the 


changes in amplitude of the pulses. 


The voltage developed by a diode detector varies at the same rate as the 
original modulating signal. This is shown by the dashed line output curve in 


Figure 2-1. To obtain this output, the complete diode detector circuit acts as 


both a rectifier and a filter. 


Notice that the waveform of the varying dc of Figure 2-1 is determined by 
the changes in amplitude of the incoming AM carrier. The importance of this 
will be explained later in this lesson. Also notice that if the diode were 


reversed, only the negative pulses of the incoming carrier would be 


developed across R,. The output of Figure 2-1 would then be inverted. This 
is important because receivers are designed to detect only one polarity of the 
input signal. Technicians sometimes make the mistake of installing semicon- 
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ductor diodes backwards in receivers. This results in faulty receiver 
operation. 


TO PREVIOUS 
AMPLIFIER 


C, 


las 
TO AUDIO AMP 


Figure 2-2 


Figure 2-2 shows a more practical arrangement of a diode detector circuit, as 
it appears in an actual receiver. Before being applied to the detector, the 
incoming AM carrier may pass through several amplifiers. The modulated 
AM carrier is coupled from an amplifier to the detector by the double tuned 
transformer, T,. Diode D,, resistor R, and capacitor C; of Figure 2-2 
correspond to diode D,, resistor R, and capacitor C, of Figure 2-1. In Figure 
2-2 the load resistor, R,, is a potentiometer. In a radio receiver, the 
potentiometer serves as the volume control. The output voltage cari be— 
varied according to the setting of R,. Coupling capacitor C, only passes the 
variations of voltage, called the ac components, to the input of the audio 
amplifier. 


AM Receivers 


If the AM detector of Figure 2-1 were preceded by a tuned circuit and an 
antenna and followed by a pair of headphones, it would make up a complete 
AM radio receiver. In fact, some of the earliest radio receivers were made in 
this way. This type of receiver is called a TUNED RADIO-FREQUENCY 
(TRF) RECEIVER. One way to improve the performance of the receiver is 
to add one or more tuned r-f amplifiers between the antenna and the 
detector. The output of the detector may then be fed through an audio 
amplifier to a speaker, rather than directly to a pair of headphones. 


jae malor ctsadvantage of the TRF receiver is that many tuned circuits 
have to be adjusted at the same tj i r ncy. Thus, 
and time-consuming. 


7445 
42 


)) 


0)) 


Figure 2-3 


Figure 2-3 is a block diagram of another type of receiver which requires a a 
simpler tuni his type of receiver is called a SUPERHETERO- 
DYNE RECEIVER. Almost all broadcast receivers in use today are of this 


. An r-f amplifier is NOT always used in a superheterodyne receiver. A 
uperheterodyne rece converts any incoming r-f carrier to an INTER- 


S 
TE FREQUENCY. Regardless of the frequency of the r-f carrier, t the 


intermediate frequency i is always the same. The most common intermediate 


fréquency used in home-entertainment AM broadcast band receivers is 455 
Zs 


— 


The tuned amplifiers used to amplify the intermediate frequency are 
appropriately called i-f amplifiers. The use of a constant intermediate 
frequency eliminates the need to retune the i-f amplifiers each time the 
receiver is is tuned to a different r-f carrier frequency. The i- f amplifiers of a 
superheterodyne receiver are tuned at the terodyne receiver are tuned at the factory, and normally it is not 
necessary to retune them. 


The r-f amplifier between the antenna and the frequency converter in Figure 
2-3 is optional in an AM broadcast receiver. Many receivers operate very 


well without one. 


The Frequency Converter 


TT converter changes the desired incoming r-f carrier frequency 
to i mediate frequency. As shown in Figure 2-3, the frequency 
converter is made up of a special type of r-f circuit called a MIXER and an 


r-f oscill CILLATOR. Both the incoming carrierand 
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the output of the local oscillator are applied to the mixer. In-the-mixer;the— 
incoming carrier frequency beats against, or heterodynes with, thelocal 
oscillator frequency. Thus, the mixer output contains frequencies equal to: 
(1) the original incoming carrier and sideband frequencies, (2) the 
oscillator frequency, and (3) the Sum and difference frequencies « obtained 
from mixing the local os oscillator frequency-and_the incoming carrier and 
sideband frequencies. The i-f amplifiers of this receiver are tuned to the _ 
difference frequencies. These, then, are the only frequencies that are passed 


to the detector. 


In most AM broadcast receivers, the local oscillator is tuned to a frequency 


_455 kHz above the incoming carrier frequency. The variable capacitor used 
to tune the oscillator is mechanically coupled to, or ganged with, the variable 


capacitor used to tune the r-f input circuit. Thus, when you change the change the 
setting of the r-f input tuning capacitor, you automatically change ange the setting 
of the oscillator tuning capacitor so that the difference frequency is always 


45S kHz. 


As an example of mixer action, assume that the incoming carrier frequency 
is 1000 kHz and the local oscillator frequency is 1455 kHz. Disregarding the 
sidebands for the moment, the frequencies at the output of the mixer are 
1000 kHz, 1455 kHz, 2455 kHz and 455 kHz. These are the two original 
frequencies applied to the mixer and both the sum and difference fre- 
quencies. The tuned circuits which follow the mixer, however, are tuned to 
pass only signals with frequencies near 455 kHz. As a result, the other 
frequencies developed by the mixer do not appear at later points in the 


The I-F Amplifier 


The intermediate-frequency signal carrier has both upper and lower i-f 
sidebands. In AM, the upper sideband frequencies are equal to the sums of 
the i-f carrier and the modulating frequencies. The lower sideband fre- 
quencies are equal to the differences between the i-f carrier and the 
modulating frequencies. This is similar to the relationship between the 
frequencies of the sidebands and the carrier produced at the transmitter. The 
difference is that the carrier frequency has now been converted to the 
intermediate frequency. 


A maximum audio frequency_of about 5 roduce satisfactory 


iisentig Yor ost parngeas Theesfore, the Eandass dice ieeeeetan Aaa 
most-standard AM broadcast radios is about 10 kHz. This allows the i-f 
amplifiers to pass sideband frequencies 5 kHz above and below the 455-kHz 
carrier. High-fidelity AM receivers, of course, may have a somewhat wider 
bandwidth to reproduce an even wider range of audio frequencies. 
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Automatic Volume Control 


Most =e broadcast receivers cont contain an AUTOMATIC 
L (AVC) system. The automatic volume < control system reduces exces- 


sive changes in volume due to changes in the strength of the incoming x signal. 
The signal strength at the antenna, for example, is normally much greater for 
powerful or nearby stations than it is for weaker or more distant stations. 
Without AVC, the sound from the receiver speaker would be much louder 
for the more powerful or nearby stations than it would be for weaker or 
more distant stations. AVC also helps to reduce fading of the sound in 


automobile receivers due to changes in physical surrounds uch as when 


traveling past a tall building or under a viaduct or overpass. 


As previously mentioned, the detector output is proportional to the strength 
of the incoming signal. The output is a dc voltage which varies in proportion 
to the modulating signal. With AVC, a part of this varying dc voltage is 
filtered to remove the audio variations. It i is then used as the bias voltage for 


thé précéding i-f or r-f stages. This bias § voltage changes the operating points 


of the tubes or transistors in the amplifier stages. The gain of these stages 
varies with changes in operating point caused by bias changes. 


Diode detectors are used to recover the picture information 
from a transmitted television signal. The picture or video 
section of a TV receiver is essentially an AM superheterodyne 
receiver. 

Courtesy Motorola, Inc. 
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Thus, the bias voltage obtained from the detector output controls the gains 
of the amplifiers. This action tends to keep the average level of the detector 
output relatively constant, regardless of the strength of incoming signal. 


An AM Radio Schematic 


Figure 2-4 is the schematic diagram of the tuning circuit and detector of an 
AM radio receiver. The Q, stage is the frequency converter, the Q, and Q, 


stages are i-f amplifiers, and the D, circuit is the detector. The output of the 
detector is amplified by the audio amplifier and applied to the speaker. 


The Q, frequency converter stage is called an AUTODYNE CONVERTER. 
In. the oscillator portion of the circuit, the secondary of T, is tuned to the 
desired frequency by capacitors C; and C,. Capacitor C, and resistor R, 
couple the secondary oscillator voltage to the emitter of Q,. This voltage is 
amplified by the transistor. The T, primary (also called a feedback or tickler 
winding) in the collector circuit of Q, provides a positive (regenerative) 
feedback voltage of the proper magnitude to sustain oscillations. 


Notice that one end of the emitter circuit of Q, is connected to a tap on the 
T, secondary. This causes the T, secondary to act like an autotransformer, 
providing the proper impedance match between the high impedance tank 
circuit and the relatively low impedance of the emitter circuit. 


In the mixer portion of the circuit, loopstick antenna T, is tuned to the 
desired carrier frequency by capacitors C, and C,. The loopstick antenna is a 
type of built-in antenna made up of coils wound ona ferri T 

is biased by the R,R, voltage divider so tha onlinear 
portion of its characteristic curve. This incoming modulated 
cAiner to mi Witt Mie OnipiT of the local Setiltons hit the Ceca 
Sreult contain TheTenEET reac ect ke ae and difference fre- 
quencies. 


L The two 


¢ 


capacitors are ganged together so that as the radio j a different 
carrier. Capacitors C, and Cs; are tri itors connected across the 


through the desir andard AM broadcast band, 535 kHz-1605 


kHz), while cillator frequency remains €xacthy ve 
the incoming carrier. The primary of T; and C, form a tank circuit in the 


collector circuit of Q,. The tank circuit is tuned to the intermediate 
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Thus, the bias voltage obtained from the detector output controls the gains 
of the amplifiers. This action tends to keep the average level of the detector 
output relatively constant, regardless of the strength of incoming signal. 


An AM Radio Schematic 


Figure 2-4 is the schematic diagram of the tuning circuit and detector of an 
AM radio receiver. The Q, stage is the frequency converter, the Q, and Q, 


Stages are i-f amplifiers, and the D, circuit is the detector. The output of the 
detector is amplified by the audio amplifier and applied to the speaker. 


The Q, frequency converter stage is called an AUTODYNE CONVERTER. 
The same transistor perforins both The Mixer and local oscillator functions. 
In. the oscillator portion of the circuit, the secondary of T, is tuned to the 
desired frequency by capacitors C; and C,. Capacitor C, and resistor R; 
couple the secondary oscillator voltage to the emitter of Q,. This voltage is 
amplified by the transistor. The T, primary (also called a feedback or tickler 
winding) in the collector circuit of Q, provides a positive (regenerative) 
feedback voltage of the proper magnitude to sustain oscillations. 


Notice that one end of the emitter circuit of Q, is connected to a tap on the 
T, secondary. This causes the T, secondary to act like an autotransformer, 
providing the proper impedance match between the high impedance tank 
circuit and the relatively low impedance of the emitter circuit. 


In the mixer portion of the circuit, loopstick antenna T, is tuned to the 
desired carrier frequency by capacitors C, and C,. The loopstick antenna is a 
type of built-in antenna made up of coils wound ona terri T 

is biased by the R,R, voltage divider so t onlinear 
portion of its characteristic curve. This incoming modulated 
CaITTCT to iniy SHINE GHIATUF the Insel oscilistonnile, he esa 
circuit containe The Gnsimal frequencies ant the wim and difference fre- 
quencies. 


Cc L The two 


capacitors are ganged together so that as the radio j a different 
carrier. Capacitors C, and Cj are tri itors connected across the 

“haning eapaslinge Tics minitescancitomen at aacan ee tee 
keGugh the Uesiredt lanbe-cae-standard Ant pieadean pacts ta let 


thro andard AM broadcast band, 535 kHz-1605 
the incoming carrier. The primary of T; and C, form a tank circuit in the 
Collector circuit of Q,;. The tank circuit is tuned to the intermediate 
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87. 


88. 


89. 


90. 


91. 


In Figure 2-3, what type of signal is normally present at the input to the 
AM detector? 


In Figure 2-3, what type of signal is normally present at the output of the 
AM detector? 


The i-f bandwidth of most standard AM broadcast radios is about (a) 5 
kHz, (b) 10 kHz, (c) 20 kHz. 


AVC voltage is (a) ac, (b) de. 


The AVC voltage in a standard AM broadcast receiver is usually obtained 
from the (a) frequency converter, (b) detector, (c) power amplifier. 


1) 


This communications receiver contains separate product and 
AM (diode) detectors for SSB and AM reception. 
Courtesy Hammarlund Mfg. Co. 


frequency (455 kHz) by adjusting the T; primary. Thus, only the difference 
frequencies at the output of the converter are applied to the i-f amplifiers. 
Similarly, the tank circuits of T, primary and C,, and T; primary and C,, are 
tuned to 455 kHz to provide greater selectivity. The process of adjusting the 
trimmer capacitors and the i-f transformers so “that the respective tank 


circuits are tuned to the corréct frequencies is called ALIGNMENT. 


a SSD 


The primaries | of Ts, Ty and T; are tapped to provide the proper impedance 
Q, is obtained from the AVC circuit, which will be explained few and base 
bias for Q, is obtained from the RgR, voltage divider. Resistors R; and Ryo 
and bypass capacitors C, and C,; provide dc stabilization for Q, and Qs. 


The detector circuit consists of D,, the secondary of T;, low-pass filter C,;, 
R,, and C,,, and volume control R,,. The detected or demodulated signal 
is coupled from the movable contact of R,, to an audio amplifier. Also, the 
demodulated signal at the junction R,,, C;, and R,,. is fed through a filter 
network to provide an AVC voltage for the first i-f amplifier, Qs. 


The base circuit of Q, is connected to the junction of Rg and R;. Resistors Rg 
and R, act as a voltage divider between the collector supply terminal and the 
ungrounded side of R,.. The voltage at the junction of R, and R, varies in 
step with the dc component across Rj», and thus serves as an AVC voltage. 
Resistor R, and capacitor C,) make up an AVC filter to smooth out audio 
variations in the AVC voltage. 
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SINGLE SIDEBAND DETECTION 


As mentioned previously, only one sideband is transmitted in single side- 
band transmission. Single sideband transmission is often used in amateur 
radio communications and some Other two-way communications. At pres- 


ent, however, it is not used in commercial AM broadcasting. 


ee 


Unless a carrier is applied to the detector, together with the sicebands, ue 
/ eee EE eee 
de Jetector output_is—not_intelligible. Remember, t 


quency is the differ ween the carrier and the sideband frequencies. 


Therefore, a carrier must be present at the detector. 
sence tase Re hes << ig Naina ee a beh IS Nae Dia beh 


In an ordinary AM signal, the carrier and both sidebands are present. In an 
AM detector, the sidebands beat against, or heterodyne with, the carrier in 
the detector. The difference frequencies obtained in this process represent 
the modulating signal. 


In single sideband recepti inserted. A carrier signal is 
provided by an oscillator built into the receiver. This oscillator is called a 
beat t frequency osci ator (B ect a single sideband si e 


frequency of the BFO must be within 10 Hz of the carrier frequency if the 
output of the detector is to-sound normal. The BFO-must therefore be 
adjusted periodically to insure that it does not drift far from the carrier 
frequency. 


The carrier must be inserted bef i kes place. The amplitude of 
she Combyae Wave varies tn aoor dance thithes OEeE modulation. The 
detector is often a simple diode detector, which detects the composite signal 
in the same manner as it would an AM signal. 


SIDEBAND AUDIO OUTPUT Notice in Figure 2-5 that the sideband signal applied to the detector has been 
100-105 kHz ; converted to an i-f signal which is within a frequency range of 100 to 105 
kHz. If the BFO provides a frequency of exactly 100 kHz, the two signals 

eat combine to produce a difference frequency that is between 0 and 5 kHz. It is 

this difference frequency that is detected and sent on to the audio stages of 


Figure the receiver. Heterodyning as wel ion are th i t_occur. 


2-5 


Since sent in single sideband transmission, reliable 
reception at much greater distancé e with single sidéban 
compared to ordinary transmission with equal amounts of r d 
powers Nots-aito: thatabecamebonls one deed ae 
transmission, the i-f bandwidth of an SSB receiver is only about half that of 
a conventional AM co 
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FM DETECTION 


The basic difference between an AM superheterodyne receiver and an FM 


superheterodyne receiver is the type of detector or demodulator. ‘In an AM 

“receiver, the detector must respond to changes in amplitude of the modu- 
lated signal. In an FM receiver, the detector must respond to changes in 
frequency of the modulated signal. 


Other differences between FM and AM broadcast receivers are mostly due 
to the different frequencies of the FM and AM bands. The AM broadcast 
Gadd exiends from $35 KH to 1605 kHz, while the FM broadcast band 
extends from 88 MHz to 108 MHz. Standard AM broadcast receivers ers usually 


have intermediate frequencies of about 4 Z, an roadcast receiv- 
ers uSually have intermedia of about 10.7 MHz. 


Also, as previously explained, the standard AM broadcast receiver has a 
bandwidth of about 10 kHz. In FM broadcasting however, the carrier swings 
75 kHz above and below the center or resting frequency at 100% modula- 
tion. But more significant than this, an FM signal contains sideband pairs 
extending above and below the maximum and minimum frequency swings of 


the carrier. To provide high-fidelity reception, the i-f bandwidth of a 
standard FM broadcast receiver may be betweeeT50 KHz and 300 KHz— 
ieee ee ee a 
Because an F eceiver operates at higher frequencies, the wiring 
and parts layout of an FM receiver is more critical than those of an AM 
tPeiacast pecelver BO the-higher carrier and intermediate frequencies usec used 
in FM broadcasting, lead (wiring) inductance and capacitance play an 
important part in circuit operation. 


This FM stereo receiver uses a Foster-Seeley discriminator. 
The output of the discriminator is applied through a stereo 
demultiplexer to a 70-watt stereo amplifier. 

Courtesy H. H. Scott, Inc. 
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The Foster-Seeley Discriminator 


Figure 2-6 is the schematic diagram of a common FM detector called a 
Cee RT On. This discriminator has two similar 
diodes, D, and D,. These may be either semiconductor diodes, as in Figure 
2-6, or vacuum tube diodes. Diode load resistors R, and R, are equal, as are 
capacitors C, and C;. 


Figure 2-6 


The primary (L,) and secondary windings (L, and L,) of the discriminator 
transformer are tuned to resonance at the center frequency of the i-f signal, 
usually 10.7 MHz in an FM broadcast receiver. In addition to the transform- 
er coupling, the primary voltage is coupled to the center tap of the second- 
ary by capacitor C,. This voltage appears across radio-frequency choke L,. 


The Foster-Seeley discriminator is made up of two separate rectifier circuits. 
One circuit is made up of Ly, Ly, C,, R, and D,. The other circuit is made up 
of L,, Ly €.. Reaaceb. Notice that L, is common to-both-circuits. Capacitor 
C; tunes the transformer secondary, made up of L, and L;, to the center 
frequency of the i-f signal. 


The diodes are connected so that the direction of current through R, is 
opposite that through Ry. Thus, the polarity of the voltage across R, is 
opposite that across Ry, as indicated in Figure 2-6. The output voltage is 
equal to the difference between the voltages across the two resistors. 


The voltages across L, and L, act as the source for the D, circuit, and the 
voltages across L; and L, act as the source for the D, circuit. At resonance, 


the phase relationship between the voltages across L, and Ly is the same as 
the phase relationship betwee ages across L, and L,. Equal voltages 
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are applied to the D, circuit and the D, circuit. The voltages developed 
across R, and R, are equal but opposite in phase. These voltages cancel and 
the output is zero. 


The voltages at the upper and lower ends of the transformer secondary, 
across windings L, and L,, are always 180° out-of-phase with respect to the 
center tap. At frequencies off resonance, the tank circuit made up of L,, L; 
and C,j is either inductive or capacitive. This causes the phase angle between 
the transformer secondary voltage and the voltage across L, to vary with 


frequency. Above resonance, the phase angle between the L; and L, 
voltages is less than the p étween the L, and L, voltages. The 


vector sum of the L3 7 ages is greater than the vector sum of the [, 


nd L, voltages. The voltage ACTOSS Rp is Greater than that across R,, an 


and L, voltages. t across R,, and the 


This r-f signal generator is designed for troubleshooting and 
alignment of FM and AM receivers. 

Courtesy RCA-Electronic 

Components Division 
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Below resonance, the phase relationships reverse and the output is positive. 
Thus, the output voltage varies above and below the center frequency. The 
variations in output voltage are an exact reproduction of the original 
modulating signal. 


A discriminator circuit like Figure 2-6, or a variation of it, is used for a 
variety of applications in electronic equipment. In fact, wherever it is 
necessary to convert changes of frequency into changes of amptitudeya 
take the time to analyze the discriminator circuit of Figure 2-6 in greater 
detail by means of the vector diagrams of Figure 2-7. 


EL3 


As shown in Figure 2-7A, the voltage across tuned primary L, is represented 

Is by vector E,,. Since the L, reactance is much greater than its resistance, the 

primary current, represented by vector I,,, lags voltage E,, by approximate- 

90° ly 90°. The magnetic field set up around primary winding L, varies with the 

current; therefore, vector I,, also represents the magnetic flux. These flux 

2 lines extend through the secondary windings L,L; and induce a voltage, E;. 

The amplitude of E,; is proportional to the rate of cutting. Because the rate of 

cutting is greatest when the primary current, I, , is passing through zero, and 

lowest when I, is maximum, induced voltage E, lags the flux and I, by 90°. 

Therefore, Figure 2-7A shows induced voltage E, in the transformer 
secondary, lagging I,, by 90°, or 180° out-of-phase with E,,. 


Ey 


Ey ts a At the resonant frequency of tuned circuit L,L3;C3, the inductive and 
capacitive reactances are equal and the circuit is purely resistive. As shown 
in Figure 2-7B, secondary current I; is in phase with E, under these 
2 conditions. 


Since the voltage across an inductor leads the current through it by 90°, the 
voltage across secondary windings L,L; leads I, by 90°. However, with the 
center tap serving as the reference point, voltage E,, is 180° out-of-phase 
with voltage E, ,. The phase relationships of Is, E,, and E,, are shown by the 
vectors of Figure 2-7B. 


As shown in the circuit of Figure 2-6, the signal voltage, E,,, is coupled 
through capacitor C, and developed across choke L,. The reactance of 
D choke L, is very high compared to that of coil L,, and the choke has little 
effect upon the total impedance of the tuned primary circuit. Therefore, 
Figure voltage E,, across choke L, is equal to and in phase with primary voltage 

2-7 E,,. As shown in Figure 2-7C, E;, , can be substituted for E,,. 
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Since E,, and E_, both affect the conduction of D,, the D, voltage, Ep,, is the 
vector sum of the two voltages, E,, and E,,. At resonance, E,, and E,, are 
phase separated by 90°, as in Figure 2-7C, and the resultant voltage is 
represented by the vector, Ep,, in Figure 2-7D. 


Similarly, the D, diode circuit contains two voltages, E,, and E,,, the vector 
sum of which causes the D, current. At the resonant frequency, E,, and E,, 
are phase separated by 90°, and their resultant voltage is represented by 
vector Ep, in Figure 2-7E. 


The magnitudes of the diode currents depend on the amplitudes of voltages 
Ep, and Ep,. As indicated in Figures 2-7D and 2-7E, these voltages are equal 
at the resonant frequency, diodes D, and D, conduct equally, and equal 
voltages are developed across load resistors R, and R,. However, because 
the voltages are of opposite polarity, as shown in Figure 2-6, the output 


voltage is zero. Thus, with both the prim ry circuits tuned to 
resonance, the discrimina put voltage is zero at the carri 


At frequencies above resonance, inductive reactance increases while 
SaGuciiive reactance “aGcreases-ThereTore. the L,L;C, circuit becomes 
inductive, and current I, lags voltage E, by some angle, 6, as shown in Figure 
2-7F. Since the voltage across secondary windings L,L; is always 90° 


out-of-phase with current Is, voltages E,, and E,, are shifted in phase with 
respect to voltage E,.,. 


From the plan of Figures 2-7D and 2-7E, adding the voltages vectorially, as 
shown in Figure 2-7G, yields resultant voltage Ep,, which is greater in 
magnitude than resultant voltage Ep,. Because of this difference in magni- 
tude, the D, diode current is greater than the D, diode current, and the 
voltage across R, becomes greater than the voltage across R,. Because these 
voltages are of opposite polarity, the output voltage is equal to the 
difference between them. Therefore, when the incoming signal voltage 
swings above resonance, voltage Ep, is greater than voltage Ep,, and the 
output voltage swings negative with respect to ground. 


At frequencie sonance, the inductive reactance decreases while 
the iti ctance incré : Ircul mes capacitive, and I, 


leads E,, as indicated in Figure 2-7H. Voltages E,, and E,, also are shifted 
with respect to E,, to remain 90° out-of-phase with I;. Under these 
conditions, the vector sum of voltages E,,, E,, and E,, causes the Ep, 
voltage to be greater in magnitude than the Ep, voltage, as shown in Figure 
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2-71. This causes the D, current to be greater than the D, current and the 
voltage across R, is greater than the voltage across R,. Therefore, when the 
incoming signal swings below resonance, the output voltage swings positive 
with respect to ground. 


Ai j j f the discriminator circuit, the voltages across load 
resistors R, and_R, are of opposi arity and are proportional to thei 
SS ICO Tee age is: e 
I r-f input is at the center frequency, (2) positive with respect to ground when 
the r-f input swings below the center frequency. and (3) negative with 
Ss respect to ground when the rf input Swings above the center frequency. 
Is Co ee OM ee ee eee 


DISCRIMINATOR RESPONSE 
CHARACTERISTIC 


OUTPUT 
3 


DISCRIMINATOR OUTPUT 


Figure 2-8 


The overall response characteristic at the FM discriminator is shown by the 
S-shaped response curve of Figure 2-8. This curve shows the relationship 
between the variations of input frequency and the resulting variations of 
output voltage. S curves similar to Figure 2-8 can be displayed on an 
oscilloscope during adjustment (alignment) of FM discriminators. The 
RBCS DET eu ie So biless OF aie uve pon ee 
frequency ceviation of the FM wave at 100% modulation. The knees should 
appear at frequencies equ €d above and below the i-f carrier 


frequency, f,. In FM broadcast receivers, each knee is about 100 kHz from 
the carrier frequency. 


The solid curve below the S curve of Figure 2-8 represents a swing in 
frequency of the frequency-modulated i-f carrier from frequency f, to 
frequency f,. During each complete cycle of modulation, the i-f carrier 
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frequency swings from f, down through f, to f,, then up through f, to f,, and 
f; to fs, and finally back down through f; to f,. The corresponding output 
voltages are indicated on the S curve by the intersections numbered 0 
through 8. The output voltage waveform is plotted to the right of the S curve. 
Thus, each complete sinusoidal swing of i-f input frequency provides one 


omplete sinusoidal cycle of output voltage. 


Since the S curve is linear over the entire swing of input frequencies, the 
amplitude of the output vo portional to the frequency swing. 
Therefore, if the frequency swing is reduced, the amplitude of the output is 


reduced, as shown by the dashed-line input and output curves of Figure 2-8. 


a pra apg not shown in Figure 
2-8. T [he amplitude of the output voltage depends not only on the frequency 
swing, but also on the amplitude of the i-f signal- Thus, any amplitude 
modulation, such as noise or fading, present on the incoming r-f wave can be 
detected in the output. To prevent amplitude variation from producing an 
undesirable output, the Foster-Seeley discriminator is normally preceded by 


a special e of i-f amplifier, called a R, which removes any 


amplitu ion of the incoming carrier. — 


For vacuum tube receivers, a sharp cutoff pentode may be used in the limiter 
stage. The tube is operated with grid leak bias, low plate and screen grid 
voltages—about 50 volts. Under these conditions, it saturates and cuts off at 
relatively low levels of input signal. As a result, the output to the dis- 
criminator does not exceed a certain level or amplitude. This limiting level is 
exceeded whenever a station of normal strength is received. Thus, all 
stations of normal signal strength cause the same amplitude of signal to 
reach the discriminator. Stations with less-than-normal signal strength, static 
and other disturbances are effectively eliminated by this limiting action. 


The Ratio Detector 


The RATIO DETECTOR is a type of FM demodulator which provides_its 


own limiting—Figuré-2-9-is-the schematic diagram of a ratio detector. 
9 oe 


I-F C| 


Figure 2-9 
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MODULATION AND DEMODULATION 


Although the diagram looks something like that of a discriminator, you can 


easily identify the ratio detector. T. e ratio detector are 


co ted series-aiding i f series- i cross the transformer 
secondary. The ratio detector also has electrolytic capacitor C,.connected in 
series with the diodes. It is this capacitor that provides the lintiting neice 


_ the ratio detector. 


Ca or C, is sometimes inding, called.a 
tertiary winding. The action of a ratio detector is similar to that of a 
Foster-Seeley discriminator except that the Output is equal to the ratio of 
two voltages rather_than the difference between two voltages. When a 
carrier at the 1-f center frequency is received, the voltages across C, and C, 
are equal. When the FM signal swings below the center frequency, D, 
conducts more than D,. The voltage across C, increases while the voltage 
across C, decreases. When the FM signal swings above the center fre- 
quency, the action reverses. Thus, an audio-frequency voltage correspond- 
ing to the frequency swings in the modulated signal is developed across 
C; and R,. 


Notice that the voltage across C, is the sum of the voltages across C, and C;. 
As the frequency changes, one of these voltages increases and the other 
decreases. Thus, the voltage across C, remains fairly consta t. Sudden 

nges in the amplitude of the in 1 I ave little e ot one 


e the large capacitan ¢ holds the totat-veHage 
acr constant. Because 0 of the vo ‘ 
VY OTAEES GCTOSS 4 


FM STEREO RECEPTION 


Both stereophonic (two-channel) and monophonic (single-channel) FM 
receivers contain essentially the same superheterodyne and tuning circuitry 
from the antenna terminals through the detector stage. While the stereo 
receiver must utilize two audio amplifiers, one for the left channel and one 
for the right channel, RTT errs aetna 
demulti i ircuit between the FM detector an € audio amplifier 
stages. Demultiplexing is the reverse of multiplexing; it separates the 
multiplexed signals from the demodulated signals coming from the detector. 


Figure 2-10 shows a graph of the composite stereo signal at the output of the 
FM detector. The signal includes the conventional audio signal approximate- 
ly 30 Hz to 15 kHz, which provides normal reception for monophonic 
receivers. This is labeled L + R because it contains both right and left 


microphone signals from the studio. There is also a 19-kHz pilot signal and 
the upper and lower AM sidebands of the stereo gilfercneeriass RI signal. 


These frequencies are necessary to obtain stereo reproduction. 
er a a a eS NU eee ce 
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MODULATION AND DEMODULATION Q5 


The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


92. 


93. 


94. 


a5. 


96. 


as. 


98. 


99. 


AM DETECTION 

AN AM RADIO SCHEMATIC 
SINGLE SIDEBAND DETECTION 
FM DETECTION 


THE FOSTER-SEELEY DISCRIMINATOR 


Why are capacitors C, and C, ganged together in the circuit of Figure 
2-4? 


The primaries of T,, T, and T, in Figure 2-4 are tuned to (a) the local 
oscillator frequency, (b) the incoming carrier frequency, (c) the difference 
frequency between the local oscillator frequency and the incoming carrier 
frequency. 


In Figure 2-4, what is the Q, frequency converter stage called? 


What is the name of the process of adjusting trimmer capacitors and i-f 
transformers so that the respective tank circuits are tuned to the correct 
frequencies? 


What is the major difference between double sideband AM detection and 
SSB detection. 


How does the required i-f bandwidth of an SSB receiver compare to that 
of a standard AM communications receiver? 


In an FM broadcast receiver, the intermediate carrier frequency is 
usually (a) 455 kHz, (b) 10.7 MHz, (c) 88 MHz. 


In an FM broadcast receiver, a suitable i-f bandwidth would be about (a) 
20 kHz, (b) 75 kHz, (c) 200 kHz. 


. In which type of broadcast receiver, AM or FM, is the wiring and parts 


layout generally more critical? Why? 


MODULATION AND DEMODULATION Q5A 


101. Refer to the S curve of Figure 2-8. The knees of the S curve should be 
equally spaced above and below f,, the i-f carrier frequency. True or 
False? 


102. What is the function of the limiter stage in an FM receiver using a 
Foster-Seeley discriminator? 
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MAIN CHANNEL STEREO SUBCHANNEL 
L+R AUDIO L-R SIDEBANDS 
30 Hz TO [5kHz 23kHz TO 53kHz 


SCA SUBCARRIER 
AND SIDEBANDS 
53kHz TO 75kHz 


30 kHz 40 kHz 50 kHz 
FREQUENCY ————_» 


lOkHz = 20 kHz 6O.kHE. 70 ke: 


80 kHz 
Figure 2-10 


Notice that the L — R sidebands extend from 23 kHz to 53 kHz. The notch in 
the middle of the L — R sidebands shows that the original 38-kHz subcarrier 
that was used to generate these sidebands is suppressed at the studio. 
Therefore, it must be reinserted at the receiver to demodulate the L — R 
stereo difference signal sidebands. 


The SCA (Subsidiary Communications Act) subcarrier and sidebands may 
extend from 53 kHz to 75 kHz when the station is transmitting stereo 
material. The SCA signal, when it is transmitted, is used for special program 


music that is not part of either the stereophomni ic programs. 
The signal is therefore removed by a filter network. 


The stereo section of an FM stereo receiver performs win 
esis Sahib: |) ..+ Se ae 


/ 1! Separates the desired components of the composite signal. (In the 
ordinary home-entertainment receiver, the SCA subcarrier and its side- 
bands are discarded.) 

x 
my , 4 : 

C ‘Amplifies and doubles the 19-kHz pilot signal to generate a 38-kHz 

Baecatiict. The 38-kHz subcarrier is applied to the L — R detector. 
if 3 Detects the L — R stereo difference signal sidebands to obtain the L— R 
~ audio signal. 


(4)adas the L — R audio signal to the L + R audio signal to produce left 
channel and right channel audio signals for stereo listening. 


Che L — R detector actually produces two outputs—an L — R . signal anda 
mt ba-R) oral +R signal. A¢ Adding the L — R signal to the main channel, or 


L + R, signal the L or left channel audio signal. This addition can 


be represented mathematically as: 


(la) (eRe Lye R a Lee Re= 2B: 


Notice that mathematically the addition results in 2L. This simply means 
that the output has twice the amplitude of an L signal in either the L + Ror 
L — R signal. Adding the —(L — R) or —L + R signal to the main channel, 
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or L + R, signal produces the R or right channel audio signal. This addition 
can be represented mathematically as: 


Sh, Oo 
= Re 


Again, the 2R indicates that the output has twice the amplitude of an R signal 
in either the L + R or L — R signals. Thus, by combining the L + R and L — 
R signals, both the original left (L) and right (R) signals can be recovered at 


the same time for stereo listening. The_L_+ R signal provides monaural 


listening when the station is broadcasting a monophoni : 
TO teh 


~y CHANNEL 
AUDIO 


FM RESISTOR AMP 
DET MATRIX TO RIGHT 
CHANNEL 

AUDIO 

AMP 


Figure 2-11 


Figure 2-11A is a block diagram of a typical stereo demultiplexing circuit. 
The signal from the FM detector output is applied to a 19-kHz pilot signal 
amplifier. The output of this amplifier is doubled in frequency by a 
frequency doubler circuit and applied to a 38-kHz amplifier and limiter. This 
Stage limits the amplitude of the 38-kHz subcarrier to the amplitude required 
for the proper operation of the (L — R) AM detector. In some stereo 
receivers, the 19-kHz pilot signal is used to synchronize a 38-kHz oscillator 
to produce the 38-kHz subcarrier. 


In the lower section of Figure 2-11A, the FM detector output is applied to a 
composite signal amplifier through a 67-kHz trap. removes 
the SCA subcarrier and sidebands. The composite signal amplifier has two 
outputs. One output is applied to the (L — R) AM detector. There, it is 
heterodyned with the 38-kHz subcarrier to produce an L — R audio signal 
and a —(L — R) audio signal. The other output of the composite signal 
amplifier is the L + R audio signal which is applied to a resistor matrix. This 
is simply a resistor network where the L + R audio signal is added to the L — 
R and —(L — R) audio signals to produce the left channel and right channel 
audio signals as previously explained. 


During monophonic broadcasts, the 19-kHz pilot amplifier and (L — R) AM 


detector are imaetive. The conventional audio signal (L + R) is the only 
signal applied to the matrix, and it is fed to both the right channel and left 
channel amplifiers. 


7445 
58 


Figure 2-11 


Figure 2-11B is m_of another iplexing circuit, © 
which is probabl stem in current use. The entire signal 


from the FM detector is fed through a 67-kHz trap, which eliminates the 
SCA signal, to the composite amplifier. From one output of this amplifier, 
the 19-kHz pilot signal is doubled in frequency to form the 38-kHz 
subcarrier signal. After being amplified, the 38-kHz subcarrier signal is 
applied to the multiplex detector. 


The second output of the composite amplifier is the L + R audio signal and 
the L — R sidebands. (The 19-kHz pilot signal has been extracted by the 
19-kHz tuned circuit.) The composite signal is also applied to the multiplex 
detector where it is mixed with the 38-kHz subcarrier signal to produce the 
left audio signal and the right audio signal. 


Figure 2-12 is a schematic diagram of the stereo demultiplexing circuit 
represented by the block diagram of Figure 2-11B. The composite multiplex 
signal from the ratio detector is fed through the 67-kHz trap (L,;, Cs., Css, 
L,, and C,,) to the base of the composite amplifier, TR,. The entire signal is 
amplified and developed across the L,; primary and Rg, in the TR, collector 
circuit. Because L,, is tuned to 19 kHz, the 19-kHz pilot signal is developed 
across L,;, while the remainder of the signal (L + R audio and L — R 
sidebands) is developed across Rg. 


The 19-kHz pilot signal is taken from the L,; secondary and applied to a 
frequency doubler made up of D, and D, , which is essentially a full-wave 
rectifier. Since the ripple frequency of a full-wave rectifier is double the 
source frequency, the signal applied to the base of TR, is 2 X 19 kHz, or 38 
kHz. After being amplified by TRyo, this signal is the 38-kHz subcarrier 
sinewave that is developed across L,, and applied to the multiplex detector 
giodes'(1D),,, Dis, D,,.and:D;,): 


In the collector circuit of transistor TR,, the L + R audio signal and the L — 
R sidebands are developed across Rg, and coupled through Cg to the center 
tap of the L,, secondary. These signals are then applied through the Lj, 
secondary to the multiplex detector diodes, together with the 38-kHz 
subcarrier signal. 
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Na 


Probably the best way to analyze the multiplex detector circuitry is to start 
with a monophonic broadcast. Neither the 19-kHz pilot signal nor the L — R 
sidebands are transmitted for monophonic reception. Therefore, the only 
signal applied to the multiplex detector diodes is the L + R audio signal. 
Diode D,; conducts on the negative alternations of the L + R audio signal, 
while diode D,, conducts on the positive alternations, and the entire L + R 
audio signal appears at the left channel output. Diodes D,, and D,; conduct 
in the same fashion, and the entire L + R audio signal also appears at the 
right channel output. 


During a stereo broadcast, the 38-kHz subcarrier sinewave and the L — R 
sidebands are added to the L + R audio signal at the input to the multiplex 
detector diodes. The L + R audio signal is processed exactly as just 
described, while the L — R sidebands and the properly phased 38-kHz 
subcarrier signal are heterodyned by D,,; and D,, to produce the L — R signal 
at the left output. Because of the way the multiplex detector diodes (D,, and 
D,;) are connected, they simultaneously produce the —(L — R) signal at the 
right channel output. The addition of L + R to the L — R signal causes a left 
channel signal at the left output; the addition of L + R to the —(L — R) 
causes a right channel signal at the right output. 


The only portion of Figure 2-12 remaining to be explained is the stereo 
indicator circuitry of transistor TR,,. In the L,,; secondary, the 19-kHz pilot 
signal causes conduction of D, and D,), which forward biases the base of 
TR. This causes collector current in TR,) through the L,, primary, Reg, and 
the base-emitter junction of TR,,. Therefore, the TR, collector current is 
the TR,, base current, which, in turn, causes TR,, collector current. The 


TR,, collector current through the Stereo Indicator, PL,, causes it to glow. 


S 7 > 


| During a monophonic broadcast, there is no 19-kHz pilot signal. Diodes D, 


and D,, do not conduct, TR, is not forward biased and the TR,» collector 
current drops to zero. With no TR,, collector current, there is no TR,, base 
current. The TR,, collector current therefore drops to zero, and PL, does not 
glow. 


SUMMARY 


In the modulation process a characteristic of a carrier wave, such as 
amplitude or frequency, is varied in accordance with the modulating signal. 
At the receiver, the modulating signal is recovered by a reverse process, 


called demodulation or detection..The_di is the most common devi 


cused for AM ion. The basic actions of this type of detector are. 


rectification and filtering: 
ee ee 
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MODULATION AND DEMODULATION 


ENON 


Probably the best way to analyze the multiplex detector circuitry is to start 
with a monophonic broadcast. Neither the 19-kHz pilot signal nor the L—R 
sidebands are transmitted for monophonic reception. Therefore, the only 
signal applied to the multiplex detector diodes is the L + R audio signal. 
Diode D,; conducts on the negative alternations of the L + R audio signal, 
while diode D,, conducts on the positive alternations, and the entire L + R 
audio signal appears at the left channel output. Diodes D,, and D,3 conduct 
in the same fashion, and the entire L + R audio signal also appears at the 
right channel output. 


During a stereo broadcast, the 38-kHz subcarrier sinewave and the L — R 
sidebands are added to the L + R audio signal at the input to the multiplex 
detector diodes. The L + R audio signal is processed exactly as just 
described, while the L — R sidebands and the properly phased 38-kHz 
subcarrier signal are heterodyned by D,; and D,, to produce the L — R signal 
at the left output. Because of the way the multiplex detector diodes (D,, and 
D,3) are connected, they simultaneously produce the —(L — R) signal at the 
right channel output. The addition of L + Rtothe L—R signal causes a left 
channel signal at the left output; the addition of L + R to the -(L =) 
causes a right channel signal at the right output. 


The only portion of Figure 2-12 remaining to be explained is the stereo 
indicator circuitry of transistor TR,,. In the L,; secondary, the 19-kHz pilot 
signal causes conduction of Dy and D,), which forward biases the base of 
TR,o. This causes collector current in TR, through the L,, primary, Reg, and 
the base-emitter junction of TR,,. Therefore, the TR,» collector current is 
the TR,, base current, which, in turn, causes TR,, collector current. The 


TR,, collector current through the Stereo Indicator, PL,, causes it to glow. 


During a monophonic broadcast, there is no 19-kHz pilot signal. Diodes D, 
and D,,) do not conduct, TR, is not forward biased and the TR,» collector 
current drops to zero. With no TR,, collector current, there is no TR,, base 
current. The TR,, collector current therefore drops to zero, and PL, does not 
glow. 


SUMMARY 


In the modulation process a characteristic of a carrier wave, such as 
amplitude or frequency, is varied in accordance with the modulating signal. 
At the receiver, the modulating signal is recovered by a reverse process, 
called demodulation or detection..The diode is the most common devi 


cused for AM ion. The basic actions of this type of detector are. 


rectification and filtering: 
ear ee 
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MODULATION AND DEMODULATION Q6 


The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 
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FM DETECTION 
THE RATIO DETECTOR 


FM STEREO RECEPTION 


Is it necessary to precede a ratio detector with a limiter? 


Give two ways to distinguish a ratio detector from a Foster-Seeley 
discriminator. 


The stereo section of an FM stereo receiver obtains its input directly from 
(a) the frequency converter stage, (b) the FM detector stage, (c) the audio 
amplifier stage. 


During reception of a stereo multiplex broadcast, at least three distinct 
signals are present at the output of the FM detector equipped to receive 
FM stereo. What are these three signals? 


At the output of the FM detector, the L + R signal has approximate 
frequency limits of (a) 30 Hz to 15 kHz, (b) 23 kHz to 53 kHz, (c) 59.5 kHz 
to 74.5 kHz. 


At the output of the FM detector, the L — R sidebands have frequency 
limits of (a) 30 Hz to 15 kHz, (b) 23 kHz to 53 kHz, (c) 59.5 kHz to 
74.5 kHz. 


Show how the addition of the L + R signal to the L — R signal produces a 
left channel audio signal equal to 2L. 


Show how the addition of the L + R signal to the —(L — R) signal 
produces a right channel audio signal equal to 2R. 


How is the 38-kHz subcarrier produced in the stereo demultiplexing 
circuit of Figure 2-11B? Give another way of producing the 38-kHz 
subcarrier. 


What signals are removed from the composite stereo signal by the 67-kHz 
trap? 


In a conventional monophonic FM receiver, what use is made of the 
19-kHz pilot signal and the L — R sidebands? 


MODULATION AND DEMODULATION Q6A 


114. In the circuit of Figure 2-12, TR,, conducts during a (a) stereo broadcast, 
(b) monophonic broadcast. 


115. In the circuit of Figure 2-12, what is the resonant frequency of L,;? Of 
Lisy 


116. The frequency doubler circuit of Figure 2-12 acts like a (a) half-wave 
rectifier, (b) full-wave rectifier. 
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Single sideband transmission is much like ordinary AM transmission except 
that the carrier and one sideband are removed or suppressed at the 
transmitter. Only one sideband is transmitted. Thus, the carrier must be 


: serted at the receiver to demodulate an SSB signal. The carrier 76 
produced at the 1 recel illator called a BPO Taio 


SS nae ——— nn 


Two-of the most commonly used FM detector-circuits-are the Foster- Seeley 
discriminator and the ratio detector. The Foster-Seeley discriminator circuit 
looks much like the ratio detector circuit. They can be easily distinguished 
from each other, however. In t the Foster-Seeley discriminator, the two 


MODULATION AND DEMODULATION 


diodes are connected series- -opposing, while in the ratio detector they are 


d_series-aiding. Also, in the ratio detector, a large electrolytic> 


capacitor is connected in series with the diodes. 
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IMPORTANT DEFINITIONS 


ALIGNMENT—The process of adjusting the trimmer capacitors and the i-f 
transformers so that the respective tank circuits are tuned to the correct 
frequencies. 


AMPLITUDE MODULATION (AM)—A type of modulation in which the 
amplitude of the carrier varies in step with the amplitude of the 
modulating signal. 


AUDIO CORRECTOR—A correction circuit used to allow the frequency 
deviation of an FM signal to be proportional only to the amplitude of the 
modulating signal. 


AUTODYNE CONVERTER—A type of frequency converter in which a 
single transistor or vacuum tube simultaneously performs the functions 
of the local oscillator and mixer. 


AUTOMATIC FREQUENCY CONTROL (AFC)—A frequency stability 
circuit used with the master oscillator of an FM system to insure that 
the master oscillator center frequency is maintained. 


AUTOMATIC VOLUME CONTROL (AVC)—A radio circuit used to reduce 
excessive changes in volume due to changes in the strength of the 
incoming signal. 


BALANCED MODULATOR—A circuit used to suppress the carrier and 
produce sidebands in a suppressed carrier AM or FM system. 


CARRIER—The sinewave of single frequency (usually r-f) and constant 
amplitude to which the modulating signal is applied. 


CARRIER DEVIATION—The frequency change above or below the un- 
modulated center frequency as a result of modulation in an FM system. 
Also called FREQUENCY DEVIATION. 


CENTER FREQUENCY—The frequency of the unmodulated carrier in an 
FM system. 


COLLECTOR MODULATION—A system of modulation in which the 
modulating signal is applied to the collector of the transistor in the 
modulated stage. 


CONTROL GRID MODULATION—The modulation process in which the 
modulating voltage is applied to the control grid of the tube of the 
modulated stage. 


DEMODULATION—The process by which the modulating signal is recov- 
ered from the sidebands. Also called DETECTION. 


7445 
62 


IMPORTANT DEFINITIONS (Continued) 


DEMODULATOR—A circuit used to recover the modulating signal from the 
sidebands. Also called a DETECTOR. 


DETECTION—See DEMODULATION. 
DETECTOR—See DEMODULATOR. 


DIRECT FM—A system of FM in which the frequency of the master 
oscillator is deviated directly by the modulating signal. 


DOUBLE SIDEBAND SUPPRESSED CARRIER TRANSMISSION (DSSC) 
—A type of transmission in which the carrier is removed and only the 
sideband frequencies and a reference signal are normally transmitted. 


DOUBLE SIDEBAND TRANSMISSION (DS)—The system of transmission 
where the carrier frequency and all of the sideband frequency com- 
ponents are transmitted with their normal amplitudes. This is the 
standard type of AM broadcast transmission. 


EMITTER MODULATION—A transistorized modulation circuit in which 
the modulating signal is applied to the emitter of the transistor of the 
modulated stage. 


FOSTER-SEELEY DISCRIMINATOR—A type of FM demodulator which 
contains two diodes that are connected series-opposing across a trans- 
former secondary. 


FREQUENCY DEVIATION—See CARRIER DEVIATION. 


FREQUENCY MODULATION (FM)—A type of modulation in which the 
frequency of the carrier varies in step with the amplitude of the 
modulating signal. 


FREQUENCY MULTIPLIER—A circuit which has its output tuned to a 
harmonic of its input so that the output is some whole-number multiple 
of the input frequency. 


HIGH-LEVEL MODULATION—Modulation produced in the plate or col- 
lector circuit of the final r-f stage of a transmitter. 


INDIRECT FM—A system of FM in which the master oscillator frequency 
is held constant and the signal is phase modulated in a later stage. 


INTERMEDIATE FREQUENCY—A frequency equal to the difference 
between the local oscillator frequency and that of the r-f carrier 
received by aradio receiver. This frequency is obtained in the converter 
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IMPORTANT DEFINITIONS (Continued) 


stage of the receiver. It is used to provide information signal amplifica- 
tion at frequencies lower than the r-f carrier. 


LIMITER—A special type of amplifier stage which limits the amplitude of 
the output to some fixed value. 


LOCAL OSCILLATOR—Part of a radio-frequency converter circuit which 
is used in a superheterodyne receiver to obtain the desired intermediate 
frequency. 


LOW-LEVEL MODULATION—Modulation produced at any point before the 
plate or collector circuit of the final r-f stage. 


MAIN CHANNEL—A band of frequencies from about 30 to 15,000 Hz 
which frequency modulates the main carrier in a stereo FM system. 


MIXER—A stage in a superheterodyne receiver in which the incoming 
signal is combined with the signal from a local oscillator to produce the 
required intermediate frequency. 


MODULATED AMPLIFIER—The r-f amplifier stage in which the informa- 
tion signal modulates the radio-frequency carrier. 


MODULATED STAGE—See MODULATED AMPLIFIER. 


MODULATING SIGNAL—The information signal used to modulate a 
carrier. 


MODULATION—The process of impressing information on a carrier. 


MODULATION ENVELOPE—An outline enclosing the total modulated 
wave. The modulation envelope shape represents the waveform of the 
information conveyed by the signal. 


MODULATION INDEX—In FM systems, the ratio of the carrier frequency 
deviation to the frequency of the modulating signal. 


MODULATION PERCENTAGE—In AM systems, 100% modulation causes 
the carrier envelope to vary from zero to twice its unmodulated value. 
In FM systems, the ratio of the actual frequency deviation to the 
frequency deviation defined as 100% modulation. For FM broadcast 
stations, a frequency deviation of +75 kHz is defined as 100% modula- 
tion. 


MODULATOR—The stage that supplies the signal to be modulated. 
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MULTIPLEX TRANSMISSION—The simultaneous transmission of two or 
more modulating signals within a single channel using one main carrier. 


NARROW BAND FM—A service FM band where the deviation for 100% 
modulation is small (+5 kHz), as compared with the FM broadcast band 
where a +75-kHz deviation is required for 100% modulation. 


OVERMODULATION—Amplitude modulation greater than 100%. The re- 
sult is distortion and a wider-than-normal bandwidth. 


PHASE MODULATION (PM)—A type of FM transmission system which 
uses the modulating signal to shift the phase of the r-f signal. 


PILOT SIGNAL—lIn stereo FM, a 19-kHz sinewave serving as a control 
signal in the reception of FM stereophonic broadcasts. 


PLATE MODULATION—The modulation method in which the modulating 
voltage is applied to the plate circuit of the tube in the modulated stage. 


RATIO DETECTOR—A type of FM demodulator which contains two 
diodes that are connected series-aiding across a transformer secondary. 
The ratio detector provides its own limiting action. 


REACTANCE TUBE MODULATOR—A circuit in which a vacuum tube is 
made to act as a variable inductance or a variable capacitance. 


SCREEN GRID MODULATION—The modulation process in which the 
modulating voltage is applied to the screen grid of the tube in the 
modulated stage. 


SERRASOID PHASE MODULATOR—A modulator used in indirect FM 
systems which produces a sawtooth waveform at the master oscillator 
frequency. The modulating a-f signal then phase modulates the saw- 
tooth waveform. 


SIDEBAND PAIR—A term referring to the combination of the lower and 
upper sideband signals. 


SIDEBAND SIGNALS—Signals representing information which occupy the 
upper and lower sidebands. 


SIDEBANDS—Bands of frequencies above and below the carrier frequency 
which contain the information being transmitted. They are produced by 
modulation of the carrier; the sum of the carrier frequency and the 
modulating frequencies forms the upper sideband, while the difference 
between these frequencies forms the lower sideband. 
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SINGLE SIDEBAND TRANSMISSION (SSB)—A system in which only one 
sideband is transmitted. The r-f carrier and one of the two sidebands are 
suppressed at the transmitter. 


STEREO SUBCHANNEL—The band of frequencies from 23 kHz to 53 kHz 
containing the sidebands of the stereophonic subcarrier. These side- 
bands are often called the L — R sidebands. 


SUBCARRIER—A low-frequency carrier used to modulate a_high- 
frequency carrier in multiplex transmission systems. 


SUPERHETERODYNE RECEIVER—A type of receiver where the incom- 
ing r-f carrier is converted to the required intermediate frequency. 


SUPPRESSOR GRID MODULATION—The modulation process in which 
the modulating voltage is applied to the suppressor grid of the tube in 
the modulated stage. 


TUNED RADIO-FREQUENCY (TRF) RECEIVER—A type of receiver 
which uses two or three r-f amplifier stages, a detector, and one or more 
audio-frequency amplifier stages. All of the r-f stages are tuned circuits 
which require simultaneous adjustment in order to select the desired 
broadcast station frequency. 
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ESSENTIAL SYMBOLS AND EQUATIONS 


M Percentage of modulation divided by 100 
P. Carrier power 
Psp Total sideband power 


X Lower peak amplitude of an Amplitude- 
Modulated wave 


Y Upper peak amplitude of an Amplitude- 
Modulated wave 


Yee 


% MODULATION = x 100 
Y+t+xX 
2 
Pgs = x Pe 


Carrier Frequency Deviation 


Modulation Index = ———————4+—— 
Frequency of Modulating Signal 
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(watts) 
(watts) 


(inches, centi- 
meters, etc.) 


(inches, centi- 
meters, etc.) 
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(2) 


(3) 
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10. 


11. 


12. 


13: 


. 25%. — % Modulation = 
Vex 


PRACTICE EXERCISE SOLUTIONS 


. To add information which is to be transmitted. 
. No—A nonlinear element is needed to obtain modulation. 


. L, and C, form a resonant circuit which fills in the negative portions of 


the voltage waveform so that the output current waveform of Figure 1-4 
becomes the voltage waveform of Figure 1-5. 


. False—A resonant circuit with an extremely high Q would tend to fill in 


the low spots in the modulation envelope. This would cause the modula- 
tion of the carrier to be distorted or lost. 


. (a) nonlinear device. 


. The greater the amplitude of the modulating signal, the greater the 


amplitude of the sideband signals. 


. 2 kHz.—The upper sideband signal is 1 kHz above the carrier frequency 


and the lower sideband signal is 1 kHz below the carrier frequency. 
Therefore, the bandwidth required to pass both signals is 2 kHz. 


. 2 kHz.—Bandwidth is determined by the frequency of the modulating 


signal, not by the carrier frequency. 


—~Xy 109 


Zeca x 100 
+ 3 


x 100 = 25%. 


co/M mln 


False—100% modulation is the maximum normally used. 
(a) always the same. 
Three.—One pair for each modulating signal. 


The total sideband power is 25 kW; the power in each sideband is 
12.5 kW. 


2 2 
Psa = 2 Po = © 50 kW = 25 kw. 


Each sideband is half of this or 12.5 kW. 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23: 


24. 


25, 


26. 


27. 


(c) 150 watts——The total radiated power is equal to the carrier power 
plus the power of the sidebands. In this case, 


ay i 
Psp = oat 100 watts = 50 watts. 


Carrier Power = 100 watts. Total Radiated Power = Carrier Power + 
Sideband Power = 100 + 50 = 150 watts. 


False—This describes the indirect method. The direct method determines 
the power by measuring the current in the antenna feed lines and the 


antenna resistance. 


It is the product of the de plate voltage and average plate current of the 
final stage. 


(b) the plate or collector circuit of the final stage that feeds the 
antenna.—Modulation before this stage is considered to be low-level 


modulation. 


Low-level modulation could take place at any point preceding the final 
amplifier stage. 


False—Modulation takes place in the modulated stage, and the modulat- 
ing signal is supplied by the modulator. 


True 
(b) high-level modulation. 
(c) 100%. 


Class C operation can be used in these r-f amplifiers for greater 
efficiency. 


False—The suppressor grid is connected through a modulation trans- 
former to a dc bias supply. 


Control grid modulation requires less modulating power than that 
required by plate modulation. 


False—Either high-level or low-level modulation can be used with 
transistorized circuits. 


The low-level modulator provides the least amount of power for 100% 
modulation. 
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28. 


29. 


30. 


ok 


32. 


33: 


34. 


35% 


36. 


Sy & 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


The modulated amplifier is often operated Class C in these systems. 


It is not necessary to transmit carrier power. A final amplifier with lower 
power can then be used. 


A balanced modulator is usually used. 

(c) both sidebands without a carrier. 

True—Compared to standard double sideband transmission, a single 
sideband transmitter requires additional circuits to remove the carrier 
and one sideband. 

(c) the smaller space required in the frequency spectrum. 

True 


True 


Electrical interference usually causes amplitude modulation of the car- 
rier. 


The frequency of the carrier. 

(a) amplitude. 

The modulating signal amplitude has no effect on the carrier amplitude. 
The modulating signal amplitude affects the frequency of the carrier, not 
its amplitude. 


(b) frequency. 


False—The modulating signal frequency affects only the rate of carrier 
deviation and not the amount. 


Limiting the carrier deviation provides for a maximum number of 
stations without interference. 


+75 kHz. 

(c) +5 kHz. 

True—For TV broadcast stations a carrier deviation of +25 kHz is 
designated as 100% modulation. Half this deviation (+12.5 kHz) is 50% 
modulation. 

False—A large number of sideband signals are produced. 
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47 


48. 


49. 


50. 


Si. 
52. 
a. 
54. 
55. 
56. 


afc 


58. 


de 
60. 


61. 


62. 
63. 
64. 


65. 


4 kHz. 
45 kHz. 


The modulation index is used to determine the number of significant 
sideband pairs. 


2.5—The modulation index is determined as follows: 


Modulation Index = a = 2.5 


(a) increases. 

The total radiated power remains constant. 

(a) Fire! FM system. 

+7 kHz. 

Maintaining oscillator stability and obtaining linear deviation. 

The output circuit is tuned to the second harmonic of the input circuit. 
Center frequency = 97.2 MHz; carrier deviation = +54 kHz.—The total 
frequency multiplication is 2 x 3 x 3 x 3 = 54. The center frequency is 
therefore 1.8 < 54 = 97.2 MHz and the carrier deviation is +1 kHz x 54 


= +54 kHz. 


False—The AFC circuit keeps the master oscillator at the correct center 
frequency. 


True 
(a) independent of the modulating signal frequency. 


The audio corrector makes the carrier deviation proportional to only the 
modulating signal amplitude. 


C; and L,. 
(a) inductance. 
The V, plate current lags the plate voltage. 


True 
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66. 


67. 


68. 


69. 


70. 


(ak 


72. 


woe 


74. 


1De 


76. 


77. 


78. 


79; 


80. 


In the indirect FM system, the master oscillator is not modulated, which 
results in improved stability. 


The frequency deviation is so small that a large multiplication is needed to 
obtain the desired frequency deviation. 


(b) two. 
A subcarrier is a carrier lower in frequency than the main carrier. 


The L — R audio signal amplitude modulates the subcarrier to form L — 
R sidebands. The L — R sidebands, in turn, frequency modulate the main 
FM carrier. 


The 19-kHz pilot is transmitted so that the receiver can process the L — R 
signal to obtain proper stereophonic reception. 


(c) 67 kHz. 


The modulating signal varies the frequency of the carrier. The amplitude 
of the modulating signal determines the amount of deviation, or fre- 
quency swing, and the frequency of the modulating signal determines the 
rate at which the frequency varies. 


The modulating signal varies the amplitude of the carrier. The ampli- 
tude of the modulating signal determines the maximum and minimum 
amplitudes of the modulated carrier. The frequency of the modulat- 
ing signal determines the frequency at which the amplitude of the car- 
rier varies. 


A conventional AM signal is made up of the carrier and both sidebands. 
An SSB signal consists of only one sideband. 


A transmitted signal will not directly actuate a speaker or other 
reproduction device. The modulating signal must be recovered from the 
transmitted signal by a demodulator. 

To recover the modulating signal in its original form. 

The demodulator must be capable of recovering the modulating signal 
originally applied to the carrier. Each type of modulation requires a 


particular type of demodulator. 


A diode.—Either a vacuum tube or semiconductor diode can be used as 
an AM detector. 


Rectification and filtering —The diode rectifies the high-frequency ac 
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81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


Ol; 


92. 


O35, 


94. 


a5, 


96. 


97; 


signal to produce a pulsating dc signal. The filter removes the pulsations 
and produces an output proportional to the original modulating signal. 


C, filters, or removes, high-frequency carrier variations from the recti- 
fied signal. Thus, only the modulation signal variations appear across R,. 


Because the potentiometer also serves as the volume control of the 
receiver. This combines two functions in one component. 


False—The dc is blocked by capacitor C,. Only variations in level, called 
the ac component, are passed. 


455 kHz. 
To provide the local oscillator signal and to heterodyne (or beat) the local 
oscillator signal with the incoming r-f signal. Briefly, a converter is both 


an oscillator and a mixer. 


1555 kHz.—The oscillator frequency is 455 kHz above the incoming 
carrier. Thus, 1100 kHz + 455 kHz = 1555 kHz. 


Modulated i-f. 

An audio-frequency signal. 
(b) 10 kHz. 

(b) de. 


(b) detector.—The basic actions of a diode detector are rectification and 
filtering. The dc output of the detector is the source of the AVC voltage. 


They are ganged so that the oscillator frequency will always be 455 kHz 
above the incoming carrier frequency selected by the tuned input circuit. 


(c) the difference frequency between the local oscillator frequency and the 
incoming carrier frequency.—This is the intermediate frequency of the 
receiver. 

An autodyne converter. 

Alignment. 


To detect (or demodulate) an SSB signal, the carrier must be reinserted. 


The i-f bandwidth must be only about half as wide in an SSB receiver 
since only one sideband must be passed through the i-f amplifiers. 
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98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


(b) 10.7 MHz.—455 kHz is the intermediate frequency of most standard 
AM broadcast receivers, and 88 MHz is the lower limit of the FM 
broadcast band. 


(c) 200 kHz.—The i-f bandwidth of a standard AM receiver is 20 kHz, 
and 75 kHz is the frequency deviation of a standard FM carrier at 100% 
modulation. However, an FM signal contains significant sideband signals 
in the band from 100 kHz above to 100 kHz below the center frequency. 


In the FM receiver.—Much higher frequencies are present in the FM 
broadcast receiver than in the AM broadcast receiver. At these high 
frequencies, lead (wiring) inductance and capacitance play an important 
part in circuit operation. 


True—Otherwise, the output voltage may not be directly proportional to 
the frequency variations of the input. 


Since the Foster-Seeley discriminator is sensitive to amplitude modula- 
tion, it is preceded by a limiter. The function of the limiter is to maintain a 
constant amplitude signal to the discriminator regardless of the variations 
in amplitude of the input signal to the limiter. 


No—The ratio detector provides its own limiting action. 

In the ratio detector, the diodes are connected series-aiding, instead of 
series-opposing, and a large electrolytic capacitor is connected in series 
with the diodes. 

(b) the FM detector stage.—In a stereo receiver, the incoming FM signal 
is converted to an i-f signal, which is then detected in the same way as in a 
monophonic receiver. 

The conventional audio signal called the L + R signal, the 19-kHz pilot 
signal and the stereo difference signal (L — R sidebands). In addition, an 
SCA (special program music) signal may be present. 

(a) 30 Hz to 15 kHz. 

(b) 23 kHz to 53 kHz. 

(L-—R)+(L+R)=L-R+L+R=2L. 

—(L — R) + (L + R) = -L+R+L+R = OR. 

By doubling the frequency of the 19-kHz pilot signal. The 38-kHz 


subcarrier could also be produced by using the 19-kHz pilot signal to 
synchronize a 38-kHz oscillator. 
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112. 


113. 


114. 


115. 


116. 
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The SCA subcarrier and sidebands. 

None.—These frequencies are above the audio range. They are only used 
in a stereo demultiplexer, which is designed to handle these frequencies to 
produce the two channels of audio. 

(a) stereo broadcast. 

L,, is resonated at 19 kHz and L,, at 38 kHz. 

(b) full-wave rectifier—The ripple frequency of a full-wave rectifier is 


twice the source frequency, while the ripple frequency of a half-wave 
rectifier is the same as the source frequency. 
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1. A-IN AN AMPLITUDE MODULATION SYSTEM, THE INSTANTANEOUS AMPLITUDE OF THE 
CARRIER SIGNAL IS CONTROLLED BY -- THE AMPLITUDE OF THE MODULATING SIGNAL. 

The frequency of the carrier is constant and is predetermined; the frequency of the modulating signal 
determines the frequency of the signals in the sidebands. 


2. D- WHEN TWO SIGNALS OF DIFFERENT FREQUENCIES ARE MIXED IN A NONLINEAR DEVICE 
SUCH AS A DIODE, THE OUTPUT CONTAINS -- THE SUM AND DIFFERENCE FREQUENCIES AND 
ONE OR BOTH OF THE ORIGINAL FREQUENCIES, 

It is characteristic of nonlinear devices that the output contains the frequencies specified. 


3. B-ASTANDARD AM BROADCAST STATION HAS A 5000-WATT CARRIER, WHAT IS THE TOTAL 
RADIATED POWER WHEN THE CARRIER IS MODULATED 100% BY A SINEWAVE SIGNAL? -- 7500 
WATTS. 

When a carrier is amplitude modulated 100% by a sinewave, the total radiated power increases by 50%. 


4. D - WHEN HIGH-LEVEL MODULATION IS USED, WHERE DOES MODULATION OCCUR? -- AT 
THE OUTPUT ELEMENT OF THE FINAL R-F STAGE. 

By definition, high-level modulation must occur at the output element ( plate or collector) of the final r-f 
stage. 


5. A-INFM, THE AMOUNT OF FREQUENCY DEVIATION IS PROPORTIONAL TO THE -- AMPLI- 
TUDE OF THE MODULATING SIGNAL. 

The FREQUENCY of the modulating signal determines the RATE of deviation. There is no relationship 
between deviation and carrier power or frequency. 


6. C - DEMODULATION IS -- THE PROCESS OF RECOVERING THE MODULATING SIGNAL FROM 
THE TRANSMITTED SIGNAL. 

Detection is the same as demodulation. Modulation is the process of adding a low-frequency information 
signal to an r-f signal. Demodulation recovers this information signal. 


7. %B - THE MOST COMMON CIRCUIT USED TO DEMODULATE AN AM SIGNAL IS THE -- DIODE DE- 
TECTOR, 

The Foster-Seeley discriminator and the ratio detector are used to demodulate an FM signal. The auto- 
dyne converter is used to simultaneously perform the functions of the local oscillator and mixer using 

a single transistor or vacuum tube frequency converter stage. 


8. B -IF THERE IS AN INTERMEDIATE FREQUENCY OF 455 kHz AND A LOCAL OSCILLATOR 
FREQUENCY OF 1655 kHz IN A STANDARD AM BROADCAST RECEIVER, THE FREQUENCY OF THE 
RECEIVED CARRIER IS -- 1200 kHz. 

The frequency of the received carrier is equal to the local oscillator frequency minus the intermediate 
frequency. 1655 kHz - 455 kHz = 1200 kHz. 


9. A-IN FIGURE 2-4, THE PRIMARY PURPOSE OF THE Q. AND Q_ CIRCUITRY IS TO -- AMPLIFY 
THE I-F SIGNAL. g 2 

Converter Q; develops the oscillator signal, D, converts the i-f signal to the audio signal, and the output 
of Rio is applied to the audio amplifier. 

10. C - IN FIGURE 2-12, THE OUTPUT OF THE TRjg IS -- THE 38-kHz SUBCARRIER SIGNAL. 

The composite multiplex signal, including the L - R sidebands, is developed across R,_ inthe TR 
collector circuit, while the 19-kHz pilot signal is developed across Li, : ot ; 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 
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In an amplitude modulation system, the instantaneous amplitude of the carrier signal is controlled by 
(A) the amplitude of the modulating signal. (B) the frequency of the carrier. (C) the frequency of the 
modulating signal. (D) the frequency of the sidebands. 

When two signals of different frequencies are mixed in a nonlinear device such as a diode, the output 
contains 

(A) the oscillator frequency only. (B) only the difference between the original signals. (C) only the sum 
of the original signals. (D) the sum and difference frequencies and one or both of the original 
frequencies. 

A standard AM broadcast station has a 5000-watt carrier. What is the total radiated power when the 
carrier is modulated 100% by a sinewave signal? 

(A) 8750 watts. (B) 7500 watts. (C) 5000 watts. (D) 10,000 watts. 


When HIGH-LEVEL modulation is used, where does modulation occur? 

(A) At any point where r-f is at a relatively high level. (B) At any element of the final r-f stage. (C) At the 
input element of the final r-f stage. (D) At the output element of the final r-f stage. 

In FM, the AMOUNT of frequency deviation is proportional to the 

(A) amplitude of the modulating signal. (B) frequency of the carrier. (C) frequency of the modulating 
signal. (D) transmitted power of the carrier. 

Demodulation is 


(A) the opposite of detection. (B) the same as modulation. (C) the process of recovering the modulating 
signal from the transmitted signal. (D) the process of generating the modulating signal for the 
transmitted signal. 


The most common circuit used to demodulate an AM signal is the 
(A) Foster-Seeley discriminator. (B) diode detector. (C) ratio detector. (D) autodyne converter. 


If there is an intermediate frequency of 455 kHz and a local oscillator frequency of 1655 kHz in a standard 
AM broadcast receiver, the frequency of the received carrier is 
(A) 910 kHz. (B) 1200 kHz. (C) 1655 kHz. (D) 10.7 MHz. 


In Figure 2-4, the primary purpose of the Q, and Q, circuitry is to 
(A) amplify the i-f signa!. (B) develop the oscillator signal. (C) convert the i-f signal to the audio signal. 
(D) amplify the audio signal. 


In Figure 2-12, the output of TR,, is 
(A) the composite multiplex signal. (B) the 19-kHz pilot signal. (C) the 38-kHz subcarrier signal. (D) the 
L — R sidebands. 
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Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A young cow is called a 
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In an amplitude modulation system, the instantaneous amplitude of the carrier signal is controlled by 
(A) the amplitude of the modulating signal. (B) the frequency of the carrier. (C) the frequency of the 
modulating signal. (D) the frequency of the sidebands. 

When two signals of different frequencies are mixed in a nonlinear device such as a diode, the output 
contains 

(A) the oscillator frequency only. (B) only the difference between the original signals. (C) only the sum 
of the original signals. (D) the sum and difference frequencies and one or both of the original 
frequencies. 

A standard AM broadcast station has a 5000-watt carrier. What is the total radiated power when the 
carrier is modulated 100% by a sinewave signal? 

(A) 8750 watts. (B) 7500 watts. (C) 5000 watts. (D) 10,000 watts. 


When HIGH-LEVEL modulation is used, where does modulation occur? 

(A) At any point where r-f is at a relatively high level. (B) At any element of the final r-f stage. (C) At the 
input element of the final r-f stage. (D) At the output element of the final r-f stage. 

In FM, the AMOUNT of frequency deviation is proportional to the 

(A) amplitude of the modulating signal. (B) frequency of the carrier. (C) frequency of the modulating 
signal. (D) transmitted power of the carrier. 

Demodulation is 


(A) the opposite of detection. (B) the same as modulation. (C) the process of recovering the modulating 
signal from the transmitted signal. (D) the process of generating the modulating signal for the 
transmitted signal. 


The most common circuit used to demodulate an AM signal is the 
(A) Foster-Seeley discriminator. (B) diode detector. (C) ratio detector. (D) autodyne converter. 


If there is an intermediate frequency of 455 kHz and a local oscillator frequency of 1655 kHz in a standard 
AM broadcast receiver, the frequency of the received carrier is 
(A) 910 kHz. (B) 1200 kHz. (C) 1655 kHz. (D) 10.7 MHz. 


In Figure 2-4, the primary purpose of the Q, and Q, circuitry is to 
(A) amplify the i-f signa!. (B) develop the oscillator signal. (C) convert the i-f signal to the audio signal. 
(D) amplify the audio signal. 


In Figure 2-12, the output of TR,, is 
(A) the composite multiplex signal. (B) the 19-kHz pilot signal. (C) the 38-kHz subcarrier signal. (D) the 
L — R sidebands. 
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Advances in circuit technology have made possible great reductions in the 


size and weight of TV receivers. The portable receiver shown above is a 
typical example. 


Courtesy RCA 
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The easiest way to get to the top 
is to get to the bottom of things. 
—The Youngstown Bulletin 


COMMUNICATIONS SYSTEMS 


The primary purpose of a communications system is to convey informa- 
tion from one point to another. At short distances, speech can be conveyed 
between two people by sound waves (direct audible sound). These two 
persons may continue to talk to each other as long as they are close enough 
to clearly hear each other. 


As the distance between the person talking and the listener is increased, 
a point is reached where voice communication is impossible. Commu- 
nications can be resumed by using a public address system. This sys- 
tem increases the sound level to cover a greater distance. But this, too, 
has a limited range. Communication by telephone is our next choice. 
This method, however, requires the use of wires which limits its use. 
This limitation is overcome by RADIO COMMUNICATION, which 
provides greater flexibility because it is wireless. Radio enables us to 
communicate with remote ships, aircraft, satellites and other mobile 
stations. 


Basically, there are two ei 
referred to_as one-way _and two-way systems—In a one-way Co i- 
cations system information is conveyed from a sending point to a receiv- 
ing point, but not in the opposite direction. Radio and television broad- 
casts are examples of one-way communications. We can receive the radio 
or TV programs, but we cannot communicate directly back to the sta- 
tion. With a two-way communications system, we are able to convey 
information back and forth between two points. Each station has a send- 
ing and receiving unit. 


Radio communications systems convey information through space by means 
of radio waves. This information being conveyed by the radio waves is 
referred to as INTELLIGENCE. 


Many types of intelligence can be transmitted. Some radio waves may con- 
tain code or speech. Others may contain music or picture intelligence. The 
device used to transmit this intelligence is called a TRANSMITTER. The 
device used to receive the transmitted intelligence is called a RECEIVER. 


BROADCAST SYSTEMS 


For the most part, broadcast systems refer to one-w mm 


systems. Each system consists of a radio transmitter, called the station, and 
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one or more radio receivers. The purpose of these systems is to broadcast 
programs to the general public. However, the listener is not able to broad- 
cast or send messages back to the station. 


To better understand this form of communication, let us consider the block 
diagram of Figure 1. As shown, the radio system consists of two main parts. 
One part is the transmitter. At the transmitter, a microphone converts sound 
to electric signals. We refer to these signals as AUDIO SIGNALS. In the 
transmitter, the audio signal is combined with a radio wave commonly re- 
ferred to as a CARRIER WAVE. This combined signal is radiated into 
space by an antenna. 


“vhs, “R____ MICROPHONE 


Figure 1 


The second part of this radio system is the radio receiver. Here the com- 
bined carrier wave and audio signal is intercepted by the receiving antenna. 
The signal is fed into the radio receiver where the audio signal is removed 
from the combined wave. The audio signal is then amplified and converted 
to sound by the radio speaker. 


You may have wondered how signals can pass from a transmitting antenna 
to a receiving antenna with no connecting wires between them. The answer 
is that the signal leaving the transmitting antenna is in the form of varying 
electric and magnetic fields. You will recall that an ordinary transformer 
transfers energy from its primary to its secondary in much the same way — 
the magnetic field around the primary cuts the secondary to induce a voltage. 


You will also recall that one primary winding of a transformer may supply 
energy to more than one secondary winding. This holds true for radio trans- 
mitters and receivers as well. That is, one transmitting antenna often sup- 
plies energy to many receiving antennas. 
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Figure 


To prevent radio interference between the different stations, definite carrier 
frequencies are assigned or allocated to every commercial broadcast 
transmitting station by the Eederal Communications Commissi CC). 
The FCC is an agency of the United States government which regulates 
all wire and radio communications between the states, territories and pos- 


sessions. It does not include communications facilities operated by the 
federal government, such as military facilities. 
eo 


THE RADIO SPECTRUM 


The carri ies allocated to the different radio systems are within 
a jange of fa (eabioe berwechTT aan erie 
hertz (megacycles). This range of frequencies is referre to as the 

SPECTRUM. Basically, there are seven frequency groups that make up the 
radiO spectrum. These are shown in the chart of Figure 2. The first group 
covers a range of frequencies from 10 to 30 kHz. These are referred to as 


the Very Low Frequencies (VLF). They include the upper limit of the audio 
frequency range and the lower limit of the ultrasonic range. 


The next group is the Low Frequency range (LF), from 30 to 300 kHZ. 
These frequencies are for sea and air navigational aids. Medium Frequencies 
(MF), from 300 to 3000 KHZ, include sea and air radio navigation, amateur 
radio, fixed and mobile communications, and government radio, to name 
a few. Also included in this band of frequencies is the.standard radio broad- 
cast band (535 to 1605 kHz). a is 
Dene esetitcatstiedt pie 


ere, 


The range of frequencies from 3 to 30 MHz is referred to as High Fre- 
quencies (HF). This range of frequencies is used for therapeutic oscillators, 
commercial and amateur short wave communications and broadcasting, 
and electronic heating. The next range is the Very High Frequencies (VHF), 
from 30 to 300 MHz. These frequencies are used for television stations, 
FM broadcast stations, fixed and mobile radio systems, and for aeronautical 
and amateur radio systems. 


Ultra High Frequencies (UHF) are next. They cover a range of frequencies 
from 300 to 3000 MHz. Some radio systems which use these frequencies 
are government, amateur, aeronautical, fixed and mobile radio. Also in- 
cluded is the UHF television band. From here we move into Super High 
Frequencies (SHF). These frequencies cover a range from 3000 to 30,000 
MHz. Some users of this range are government, amateur, fixed and mobile 
radio, and radio navigation, to name a few. 


Frequencies above 30,000 MHz are used for experimental, government 
and amateur use. The radio spectrum also includes the range of light energy. 
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Devices such as the laser can be used to transmit information by light energy. 
These devices are also used in satellite and space communications and 
eventually are expected to provide coast-to-coast and continent-to-continent 
communication links. 


The above photo shows a 10-kW AM Transmitter designed 
for broadcast service. 


Courtesy Gates Radio Co. 
Div. of Harris Intertype Corp. 


STANDARD BROADCAST STATIONS 


Standard broadcast stations are licensed by the FCC for the transmission 
of intelligence primarily intended to be received by the general public. These 
stations operate in the band of frequencies from 535 kHz to 1605 kHz. With- 
in the band of frequencies there are 107 carrier frequencies. These carrier 
frequencies are assigned to the various radio stations to convey intelligence 
from the transmitters to the radio receivers. The carrier frequencies are 


<n 
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spaced 10 kilohertz apart. To prevent interference between one station 
and- r, stations in the same area are not assigned adjacent carrier 


frequencies. 


More thai ofie Station may be assigned (0 aS een ei This 
is done only when the FCC inspectors are certain that the two ions will 
not interfere with each other. For example, a station on the east coast may 
be assigned the same carrier frequency as a station on the west coast. 


Two stations in the same area can also broadcast on the same frequency by 
sharing time. For example, one station may go on the air at sunrise and 


‘broadcast until sunset. The other station may broadcast at the same fre- 


quency from sunset until sunrise the next day. 


Because several broadcast stations may operate at the same frequency, it 
becomes necessary to control the distribution of their radiated energy. One 
way to control the radiation is to use a DIRECTIONAL ANTENNA. 


ee 


Directional antennas are used to direct the radio waves toward the center 
of highly populated areas. At the same time, they may be used to reduce 
the station radiated energy in other locations to prevent interference with 
other broadcast stations. 


The amount of radio frequency power radiated by a broadcast station is 
also regulated by the FCC. Standard broadcast stations normally radiate 
between 100 watts and 50 kilowatts: €xact power depends on the type 


of license granted to the station by the FCC. 


In standard broadcast systems, the energy radiated by the transmitting 
antenna is AMPLITUDE MODULATED (AM). By this we mean that the 
AMPLITUDE of the carrier wave is changed in accordance with the am- 
plitude of the MODULATING SIGNAL. Figure 3 illustrates a carrier wave 
that is amplitude modulated by an audio signal. There are three waves to 
consider. They are the carrier wave, the audio wave or modulating signal, 
and the resulting modulated wave. 


The high frequency carrier wave, shown in Figure 3A, is produced by an 
oscillator in the transmitter. The audio wave or signal, shown in Figure 3B, 
is the low frequency energy produced by the microphone. It is assumed to 
be within the audible range (about 16 to 20,000 hertz). This energy is used 
to modulate the carrier wave. When the audio wave and carrier wave are 
combined, the amplitude of the r-f carrier is varied in accordance with the 
audio wave as shown in Figure 3C. 


7450 


Basic AM Transmitter 


The block diagram of a basic AM transmitter is shown in Figure 4. The first 
step is to convert the sound energy to an audio frequency electric signal. 
This is accomplished by the microphone. The signal developed by the micro- 
phone, however, is very weak. Therefore, the audio signal is increased in 
magnitude by an audio amplifier to a level required to operate another ampli- 
fier called the MODULATOR. The modulator is the final audio amplifier 
and supplies the necessary audio power for modulation. || ——-----———~ 


eS 


At the lower left of Figure 4, the radio frequency oscillator produces a 
high frequency ac output. The output of the r-f oscillator is applied to the 
MODULAT. TAGE. In this stage, the signal from the output of the modu- 
lator stage produces amplitude changes in the carrier wave. The modulated 
wave is then fed to the antenna. 


AUDIO SIGNAL 


ANTENNA 


AUDIO 
AMPLIFIER 


MICROPHONE 


MODULATOR 
STAGE 


RF MODULATED 
OSCILLATOR STAGE 


CARRIER MODULATED WAVE 


Figure 4 


The energy radiated by a transmitting antenna consists of magnetic and 
electric fields. These fields are at right angles to each other._The relationship 


f the electric field with respect to the earth as the radio waves pass through 
space is referred to as polarization of the electric field. 
See ea aa 


For example, if the electric field is vertical with respect to the earth, the 
radio wave is said to be VERTICALLY POLARIZED. The type of polariza- 
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tion is determined by the construction of the transmitting antenna. V ] 
polarization is the most common arrangément used in the standard AM 
bromivaspband, = 9 


Basic AM Receiver 


One of the most popular types of radio receivers in use today is the SUPER- 
HETERODYNE RECEIVER. This is shown in the block diagram of 
Figure 5. As the magnetic field produced by the transmitting antenna cuts 
across the receiving antenna, a signal voltage appears between the ends of 
the receiving antenna. A modulated carrier waveform signal is shown at the 
antenna in Figure 5. 


AUDIO SIGNAL 


MODULATED I-F SIGNAL 


MODULATED R-F SIGNAL fu ln ae 
Bb [4] vewoo [4 “i 


SPEAKER 


Figure 5 


The energy of the antenna signal is very low, so the received signal voltages 
are fed into the r-f amplifier of the receiver. This stage increases the ampli- 
tude of the incoming modulated signal for further action by the receiver. 


Many AM broadcast receivers do not use an r-f stage. They rely on ampli- 
fata ee eee usable level. How- 
ever, receivers designed for long-range reception usually include one or 
more r-f amplifiers. 


The input circuits of a receiver have the important job of picking out the 
one signal we want from the signals of all the other stations. This is the 
process of tuning. The input circuit can be tuned to resonance at a desired 
carrier frequency by varying the inductance or capacitance of an LC circuit. 
Signals at this resonant frequency are then passed on to the rest of the re- 
ceiver. The unwanted frequencies are blocked by the resonant circuit and 
do not appear in the output. 
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The next receiver stage is the MIXER; it is used to combine the incoming 
r-f signal with an r-f signal from the LOCAL OSCILLATOR shown di- 
rectly below it in Figure 5. The process of combining or mixing two different 
ae to produce a new frequency is called “beating” or “‘hetero- 

Odyne receiver gets its name. The 
BRE UENCY CONVERTER consists of the mixer and the local oscil- 
lator. 


When the incoming r-f signal and the local oscillator signal are combined 
in the mixer, a new frequency called the INTERMEDIATE FREQUENCY 
(I-F) is produced. The intermediate frequency is the difference between the 
incoming carrier frequency and the local oscillator frequency. The i-f signal 
waveform is shown at the output of the mixer and i-f amplifier. Notice that 
the amplitude of this waveform varies according to the audio signal de- 
veloped by the microphone at the transmitter. Thus, the i-f signal is also a 
modulated signal. 


oe These_are the e carrier frequency, the local oscillator frequency, and _ and 
re sum and difference of the two. The sum and difference frequencies result 
from the heterodyne action. In most receivers, the difference frequency sig- 


nal is-used. The others then have no further use and are removed by tuned 
circuits. 


ee 


frequency is ae a same, regardless of the scuane a the tee con- 


trol. In most broadcast AM receivers, the i-f is 455 kHz. The oscillator 


The modern music system shown above includes an 
FM/AM-FM Stereo Radio along with an 8-track stereo 
cartridge player. 


Courtesy RCA 
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__or frequency converter is always - 455 kHz.” 


is adjusted so that its frequencyis—45 above the desired incoming 


r-f carrier. This frequency difference is maintained by using a multiple- 
section tuning capacitor which changes the oscillator frequency at the same 
time it changes the resonant frequency of the input circuits. 


To illustrate this principle, suppose you want to pick up a station with a 
carrier frequency of 1000 kHz. As you tune the input circuit to 1000 kHz, 
the oscillator section of the tuning capacitor tunes the oscillator to 1455 
kHz (455 kHz above the incoming signal). If you tune your receiver to pick 
up a station at 700 kHz, the oscillator is simultaneously tuned to 1155 kHz, 
which again is 455 kHz above the incoming carrier. The oscillator always 
operates 455 kHz above the incoming carrier, so that the output it of the mixer 


——— —<—> 


You may think that this is a complicated way to design a radio. Actually, 
it would be possible to feed the r-f signal directly from the r-f amplifier to 
the demodulator stage. However, there are advantages to the superhetero- 


~ dyne system which make the added frequency conversion worthwhile. 


The most important advantage is that the i-f amplifier section can de- 
signed to operate at a single frequency. It is easier to design and adjust an 
amplifier to work at a single frequency than to work over a wide range of 


frequencies. 


The i-f signal is fed to the i-f amplifier. Here the i-f signal is increased in 
amplitude before it is fed into the DEMODULATOR. In the demodulator or 
DETECTOR stage, the i-f carrier is separated from the audio signal and 
discarded. As shown in Figure 5, the output of the demodulator is an audio 
signal equivalent to that of the original sound produced by the microphone 
at the transmitter. The audio signal is fed from the demodulator to an audio 
amplifier. Here the audio signal is increased in amplitude to operate the 
speaker. 


FM BROADCAST SYSTEMS 


Noise in AM reception results from electrical disturbances due to storms, 
automotive ignition systems, and many other energy sources. These dis- 
turbances amplitude modulate the carrier. Since an AM receiver is designed 
to detect amplitude modulation, the unwanted noise signals are detected 
and reproduced along with the desired signals. To overcome this noise 
problem, a system other than amplitude modulation can be used. For reasons 
that we shall explain, FREQUENCY MODULATION (FM) is one type of 
system that reduces the noise problem. 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


10. 


11. 


BROADCAST SYSTEMS 


THE RADIO SPECTRUM 


STANDARD BROADCAST STATIONS 


BASIC AM TRANSMITTER 


BASIC AM RECEIVER 


. What is a communication system? 


- What is a disadvantage of a direct voice communication system? 


. A limitation of telephone communications is that it requires the use of 


. Name several types of intelligence transmitted by radio waves. 


. A radio broadcast station radiates audio signals directly into space. True 


or False? 


. What purpose does the FCC serve? 


. Standard broadcast stations in the United States operate in the Low Fre- 


quency range (30 to 300 kHz). True or False? 


. The carrier frequencies in the standard broadcast band are separated by 


(a) 10 kHz, (b) 100 kHz. 


. What is meant by the term “amplitude modulation?” 


The radio frequency energy radiated by stations in the standard AM 
broadcast band is _____-_____ polarized. 


What is the most popular type of AM radio receiver in use today? 
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12. In a radio receiver, when you tune from one station to another, what 
change occurs in the tuning circuits? 


13. The purpose of the converter or mixer stage of a superheterodyne re- 
ceiver is to convert the incoming r-f signal to the desired (a) audio signal, 
(b) i-f signal. 


14. The purpose of the demodulator of a superheterodyne receiver is to change 
the i-f signal to a radio frequency signal. True or False? 
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Frequency modulation is used to broadcast radio programs like that of AM 
broadcast stations. It is also used for the transmission of the sound portion 
of television programs and is widely used in government and civilian com- 
munications. In the United States, FM broadcast stations are located in 
the frequency spectrum from 88 to 108 megahertz. There are a total of 100 
channels set aside in this band. 


In frequency modulation, the FREQUENCY of the carrier is varied by the 
amplitude of the modulating signal. Thus, the intelligence is transmitted in 
the form of frequency variations, compared to the amplitude variations in 
an AM system. 


Figure 6 illustrates the frequency modulation principle. Figure 6A shows 
the unmodulated carrier of an FM transmitter. The frequency of this carrier 
is referred to as the CENTER FREQUENCY. This corresponds to the 
assigned frequency of the transmitter. 


Figure 6B shows an audio or low frequency modulating signal. When this 
signal modulates the carrier, we obtain the resulting waveform shown in 
Figure 6C. Notice that the frequency of the modulated wave varies accord- 
ing to the audio modulating signal. The amplitude of the carrier does not 
change. 


A modulated FM wave is continually varying in frequency. The amount of 
variation above and below the center frequency is called DEVIATION. The 
maximum deviation allowed for commercial FM broadcast is +75 kHz. That 
is, the strongest signal that can be used to modulate a transmitter is limited 
to the value which will cause a maximum deviation of 75 kHz on either 
side of the center frequency. This is called the maximum FREQUENCY 
SWING. Thus, a total of 150 kHz is available over which the frequency 
of any one station may vary. 


A band of 25 kHz ate Lis also provided for separation 
urposes between channels. This 25 kHz band is called the : 
Thus, a standard FM broadcast channel consists of a center frequency 


with a maximum frequency deviation of +75 kHz, plus a 25 kHz guard band 
on either side, for a total of 200 kHz per channel. 
RN a rr a es ee 


Basic FM Transmitter 


The basic elements of a simple FM transmitter are shown in F igure 7. The 
microphone converts the sound into an audio signal. The audio signal is 
strengthened by the audio amplifiers. This signal is then applied to the oscil- 
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| UNMODULATED CARRIER 


MODULATING SIGNAL 


MODULATED CARRIER 


COMMUNICATIONS SYSTEMS 


lator stage where it varies the frequency of the oscillator. The last block 
in Figure 7 is the high frequency power amplifier. It increases the power of 
the modulated wave to the level required for transmission. The output of 
the power amplifier is fed to the antenna. 


MODULATED WAVE 


I 


MODULATED 
OSCILLATOR 


AUDIO SIGNAL 


ye 


MICROPHONE 


\ 
ANTENNA 


AUDIO 
AMPLIFIER 


POWER 
AMPLIFIER 


Figure 7 


Antennas used by FM broadc 

TALLY POLARIZED. Some stations employ both horizontal and vertical 
polarization. The electric fields of the radio waves are horizontal with re- 
spect to the earth. For maximum signal pickup, the receiving antenna ele- 
ments should also be horizontally polarized. This occurs when the elements 
of the receiving antenna are horizontal with respect to the earth. 


It should be mentioned here that the method of modulation does not deter- 
mine the polarization of the signal. Jt is the physical construction of the 


k i tenna that determines the polarization of the radio wave. 


Basic FM Receiver 


The basic stages of an FM superheterodyne receiver are shown in the block 
diagram of Figure 8. The first four stages are similar to those of an AM 
superheterodyne receiver. That is, signal voltages are fed into the r-f ampli- 
fier from the antenna. The output signal of this stage is fed into the mixer. 
The mixer, along with the local oscillator stage, produces the required inter- 
mediate frequency. In the case of an FM broadcast receiver the i-f frequency 
is usually 10.7 MHz. This stenat ts increasec-in-amptinude by the if ampli- 


~ fier. More than one i-f amplifier may be used. 
The circuit of Figure 8 includes a LIMITER. The limiter is used to clip off 
or remove any amplitude variations in the FM signal. Since the intelligence 
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Figure 8 


is in the form of frequency variations, any amplitude variations that may 
be present must be unwanted amplitude modulation due to electrical inter- 
ference. By removing such variations we remove noise from the speaker 
output and also help provide a more constant level of output. As explained 
earlier, this noise limiti ility 1 important advantage of FM over AM. 
ee Oem ree el Le 


The limiter output is fed to the DISCRIMINATOR. The discriminator re- 
covers the audio signal produced by by the microphone at the transmitter. The 
discriminator is, therefore, an FM detector or demodulator. ollowing the 
ee gietan adiGeanisc wa MEETING aiidio signal to a 
level sufficient to operate the speaker. There are other types of detectors for 
FM signals; some of these detectors do not require limiters. 


This SSB transceiver is designed for Amateur Radio Service 
in the 6 meter band (50-54 MHz). 


Courtesy Heath Co. 
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TV BROADCASTING SYSTEMS 


Television broadcasting requires the transmission of both sound and picture 
intelligence by means of radio waves traveling through space. The FCC 
has assigned parts of the VHF and UHF spectrums to be used for television 
broadcasting. 


There are a total of 82 television channels. These channel assignments are 
broken down in the following manner. Channels 2 through 6 cover a range 
of frequencies from 54 to 88 MHz. These are referred to as the “‘low band”’ 
VHF stations. Channels 7 throug equencies from 
174 to 216 MHz. These are referred to as the “high band”’ VHF stations. 


Channel through 83 cover requencies from to 890 MHz 


and are called UHF stations. 
$C 


The maximum ee ee to the various TV 
broadcast stations are for Channels 2 through 6, 316 kW for Chan- 
nels 7 through 13 and 5000 kW for Channels 14 through 83. Channel 1 is no 
longer used for television broadcasting since it has been reallocated to other 


ee a ements amsesiswesnspssenraistinssnSsioahicsnassonionesconissanenoen 
ere services. earner iy eee ( 


The bandwidth of each channel is 6 MHz. Within this band of frequencies 
there is a picture carrier, sound carrier, and for color transmissions, a color 


subcarrier. 


The FCC specifies that the video carrier ier) be located 1.25 
Mirirhiumetn-Gagieacy than the lower limit ofthe changel. The FCC also” 
specifies that the video carrier be amplitude modulated as in AM transmis- ~ 
sion. The sound carrier, however, is frequenc 
higher in frequency than the video carrier. The color subcarrier is ee for 
the transmission of the color intelligence. The color subcarrier is about 


3.58 MHz from the video carrier and is amplitude modulated. 
ee 


The basic elements that make up a typical television transmitting system 
are shown i in Figure 9. The t j erent from the radio sta- 
ion stations use two transmitters. One 


for transmitting th 
ligence. However, at the receiver location, signals are 
picked up by a single antenna and fed to a single receiver. 


As shown in Figure 9, light reflected by the object or scene being televised . 
is picked up by a camera tube. The camera tube, in turn, changes the light (& 
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Figure 9 


variations into voltage variations. We refer to these voltage changes as the 
VIDEO SIGNAL. 


Because the video signal at the output of the camera tube is very weak, it 
must be amplified before it can be of any use. This is accomplished by the 
video amplifier. The output from the video amplifier is fed into another 


amplifier called the LINE-AND-CONTROL AMPLIFIER.Here the 
video signal is combined with t _that_are necessary for the 
t mission of the television signal. These signals are called the SYNCHRO- 


NIZING PULSES and BLANKING PULSES. SS 
See ee LE Le oa eae 


Synchronizing and blankin Ises are produced_inthe SYNC GENERA- 
ES these pulses is to synchronizeé;-or-keep-in_step, the 
eS ee the camera circuits they control the scanning 
action of the camera tube. At the receiver they control the scanning action 


of the picture tube, thus keeping it in step with the camera tube. 


The output of the control amplifier is fed into the modulated stage. Here, 
the video signal amplitude modulates an r-f carrier. This modulated signal 
is fed to the power amplifier and then to the antenna for radiation into space. 


The sound transmitter is a frequency modulated system much like the FM 
transmitter described for FM broadcasting. Figure 9 shows two separate 
antennas—one for the video section (AM) and the other for the audio sec- 
tion (FM). Although this system-can_be used, most stations-use—a-singte 


antenna to-radiate both the video and audio signals. A special section called 
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a DIPLEXER then feeds the outputs of the two transmitters to the single 


antenna. pais 
— 


Figure 10 shows a typical television receiver in block diagram form. This 
is a superheterodyne circuit which has an r-f amplifier, mixer and oscillator 
similar to those found in AM and FM broadcast receivers. The i-f amplifier 
usually consists of several stages of amplification. The video detector is 
similar to an AM broadcast detector but it has several outputs. These in- 
clude a picture signal, blanking pulses, sync signals and the 4.5-MHz sound 
carrier which is frequency modulated. 


\// ANTENNA 


SYNC AND 
SWEEP 
CIRCUITS 


Figure 10 


The picture information and blanking pulses pass through the video amplifier 
to either the control grid or cathode of the picture tube. The sync pulses 
are fed to sync and sweep circuits. The signals fed to these circuits deter- 
mine the movement of the electron beam across the screen of the picture 
tube. The picture tube screen fluoresces or forms light images according 
to the intensity of the electron beam striking it. 


The 4.5 MHz i-f output produced by the video detector carries the sound 
or audio signal as frequency modulation. This output is fed to a 4.5 MHz 
i-f amplifier and then to an FM detector similar to that used in an FM broad- 
cast receiver. The detector output is an audio frequency signal which is 
amplified and fed to a speaker. 


RADIO TELEMETRY SYSTEMS 


We usually think of communications as the transmission of voice or music, 
or in the case of television, as the transmission of pictures. However, an- 
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other important type of communication is the transmission of information 
on measurements from the point of measurement to some other point. This 
type of communication is called TELEMETRY. 


A radio telemetry oe is one that uses an r- f carrier to transmit measure- 


a weather balloon ¢ ing a miniature transmitter sends out signals hich 
depend on variations of pressure, humidity or temperature. These variations 
are relayed to a ground receiver by means of an r-f carrier generated in 
the transmitter. The receiver, in turn, converts the information back to a 
form to be recorded. 


Radio telemetry is also used in recording data of a missile, rocket or air- 
plane under test. For example, it allows the technician on the ground to see 
how the structural members of the craft are holding up under flight. It also 
may tell him the temperature of the metal on the outside of the craft. Or it 
may tell him the amount of fuel left, or at what angle the craft is with respect 
to earth. 


There are a number of frequencies allocated for radio telemetry use. Some 
of the frequencies are 216 to 220 MHz, 1435 to 1535 MHz, and 2200 to 
2300 MHz. The maximum r-f carrier deviation in these bands is +125 kHz 
for a total swing of 250 kHz. For frequencies between 216 to 220 MHz the 
maximum power that may be used is 100 watts. For frequencies between 
1435 to 1535 MHz and 2200 to 2300 MHz, the maximum power depends 
on the transmission distance and any propagation problems that may exist. 
No more power should be used than is necessary for reliable transmission. 


In the field of radio telemetry it is often necessary to transmit more than 
one channel of information. This can be accomplished by MULTIPLEXING. 

Multiplexing is the transmission of more than one type of information using, 
a single transmitter—There ¢ are two general ral methods of multiplexing. They 


are: FREQUENCY ‘DIVISION | and ’ TIME DIVISION. 


In a frequency division multiplexing system, a 1 number of low-frequency 


ee ae 
subcarriers are modulated—each with a different type of information. These 
subcarriers are then combined into a “single electric signal that modulates 


the main r-f carrier. 


Figure 11 illustrates the method used in frequency division multiplexing. 
Subcarrier oscillators 1 and 2 generate subcarriers at different frequencies. 
Signal 1 modulates the output of subcarrier oscillator 1, and signal 2 modu- 
lates the output of subcarrier 2. The modulated subcarriers are combined 
in a linear mixer. The mixing process here is simply a matter of combining 
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the two modulated subcarriers so that the output of the mixer contains both 
signals. 


SIGNAL | 


MODULATOR ANTENNA 


SUBCARRIER 
OSC | 


LINEAR 
MIXER 


SIGNAL 2 | mopDULATOR 


2 


R-F 
CARRIER 
OSCILLATOR 


SUBCARRIER 
OSC fe 


Figure 1] 


The mixer output is fed to the modulated stage, where it modulates the 
carrier generated by the r-f carrier oscillator. The r-f wave radiated by the 
antenna is a carrier modulated by the two distinct signals applied to inputs 
1 and 2. To illustrate an application, signal 1 might be information on tem- 
perature, and signal 2 might be information on pressure. Both signals could 
be demodulated and separated by a properly designed receiver, and used 
to operate temperature and pressure indicators at a receiving station. The 
number of signals can be increased by adding more subcarrier channels. 


In time division multiplexing, the signals to be transmitted are impressed 
on a single carrier at different times. Figure 12 shows a simple diagram of 
how this can be done. The multiplexing element here is a mechanically 
driven switch called a COMMUTATOR. As the arm rotates, it alternately 
makes contact with the shaded contact and the unshaded contact. Depend- 
ing on which contact the arm is touching at a given time, either signal 1 or 
signal 2 is applied to the modulator. 


The r-f oscillator generates a carrier which is modulated by signal 1 for half 
of the time, and by signal 2 for the other half of the time. The switching 
time depends on the speed of the motor that drives the commutator arm. 
To handle a greater number of signals, we simply break the commutator up 
into more sections. 
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Figure 12 


When a multiplexed signal is demodulated at the receiver, the different sig- 
nals must be separated before they can be fed to the various indicators or 
recording devices. A DEMULTIPLEXER is used for this purpose. In a 
frequency division system, the demultiplexer consists of bandpass filters 
tuned to the various subcarrier frequencies. After the modulated subcarriers 
are separated by the filter action, they are demodulated to restore the original 
signals. 


In a time division system, the demultiplexer is a commutator in reverse, 
or what is called a DECOMMUTATOR. The demodulated signal is fed to 
the rotating arm, and the indicators or recorders are connected to fixed 
contacts identical to the shaded and unshaded contacts of Figure 12. The 
commutator and decommutator must be synchronized so that the arm is on 
the signal 1 contact of the decommutator at exactly the same time it is on 
the signal 1 contact of the commutator. 


Amplitude or frequency modulation can be used in radio telemetry systems. 
In a time division system, such as that of Figure 12, the carrier may be 
either amplitude modulated or frequency modulated by the signals from 
the commutator. In a frequency division system such as that of Figure 11, 
we also have a choice of how to modulate the subcarriers. 


A special type of notation is used to indicate the method of multiplexing and 
modulation in uency division-system._The-s ér modulation is 


listed first, and the main_ carrier modulation tstisted second. For example, 


AM-FM means the subcarriers are amplitude modulated by the input sig- 
nals, and the subcarriers are then used to frequency modulate the r-f carrier 
of the transmitter. 
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COMMUNICATION 
EQUIP MERT 


Most mobile radio units used in public safety service and 
industrial applications employ FM. The unit shown above 
has a power rating of 50 watts and is designed to operate in 
the 25-54 MHz band. 

Courtesy Aerotron Inc. 


TWO-WAY COMMUNICATION SYSTEMS 


The communications systems so far discussed in this lesson have all been 
of the one-way type. Two-way systems are also very widely used. A two-way 
system provides communication back and forth between two locations. A 
telephone conversation between two people is an example of two-way com- 
munication. Wireless or radio two-way systems are used to increase the 
effectiveness of many businesses and organizations. 


For example, two-way radio is used to communicate from one aircraft to 
another. It is also used to communicate from an aircraft to the control tower 
and from the control tower to the aircraft. It may also be used between a 
mobile unit such as a taxi cab and a dispatcher. In addition, two-way radio 
provides communication between ships at sea and between ships and shore 
stations. 


Two-way communication can be divided into seven generat classes-of sery- 


ice. These are Marine, Aeronautical, Public Safety, Industrial, Land Trans- 
53 tot Ee x “ < Oa 
portation, Personal and Disaster communications. 
ere EE 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


15. 


16. 
17. 
18. 
19. 
20. 


21. 


22. 


23. 


24. 
25. 
26. 


27. 


@ 


FM BROADCAST SYSTEMS 
BASIC FM TRANSMITTER 
BASIC FM RECEIVER 

TV BROADCASTING SYSTEMS 

RADIO TELEMETRY SYSTEMS 


Name one advantage of a frequency modulation system. 


What range of frequencies is allocated for FM broadcast stations in the 
United States? 


What is the maximum frequency deviation of the carrier of an FM broad- 
cast system? 


The radio frequency energy transmitted by a station in the FM broadcast 
band is ___________ polarized. 


The polarization of the transmitted r-f signal is determined by (a) the 
method of modulation, (b) the physical construction of the transmitting 
antenna. 

Why is an FM system normally less susceptible to noise than an AM system? 


Television broadcasting is limited to the VHF band. True or False? 


The high band VHF TV channels are in the frequency range from (a) 54 
to 88 MHz, (b) 174 to 216 MHz, (c) 470 to 890 MHz. 


What is the bandwidth assigned for each TV channel? 


The FCC standards state that the video r-f carrier in a TV broadcast shall 
be (a) amplitude modulated, (b) frequency modulated. 


The sound carrier of a TV broadcast is (a) amplitude modulated, (b) 
frequency modulated. 


What is the frequency separation between the picture carrier and sound 
carrier in a TV broadcast signal? 


What is the purpose of the sync and blanking pulses generated in a TV 
transmitter? 


The video and audio sections of a TV transmitting station can be com- 
pared to an AM and FM broadcast station, respectively. True or False? 
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29. 


30. 


3k 


32. 


33: 


34. 


35: 


What is a telemetry system? 


A radio telemetry system is one which uses an r-f carrier to transmit in- 
formation. True or False? 


What portions of the frequency spectrum are allocated to radio telemetry 
systems? 


In radio telemetry, the maximum permissible deviation of the r-f carrier is 
+250 kHz. True or False? 


What is the purpose of multiplexing in telemetry systems? 


One method of multiplexing uses subcarrier signals at different frequen- 
cies. This multiplexing method is called (a) frequency division multiplexing, 
(b) time division multiplexing. 


Another method of multiplexing modulates the carrier with different 
signals at different times. This multiplexing method is called (a) frequency 
division multiplexing, (b) time division multiplexing. 
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Marine or Maritime services cover communications between ship to ship 
and ship to shore, as well as navigational aids. All stations on board ships 
of U.S. registry (except for government stations) are required to be licensed 
by the FCC and to comply with all FCC rules and regulations. 


Aeronautical services cover both traffic control and navigational aids. These 
services offer the necessary communications facilities to provide protection 


of life and property in the air. Aircraft stations are those stations installed 
aboard aircraft. Aeronautical stations are those listed as ground stations. 


—_—_——— es 


There are several different types of stations which aid Public Safety. These 
stations are assigned to agencies concerned with the public welfare. Such 
stations include police, fire, forestry conservation, highway maintenance 
and special emergency operations. 


Industrial services provide two-way communications for such groups as gas 
and electrical utilities companies, petroleum companies maintaining pipe 
lines, and groups working in the production of forestry products. 


Land Transportation services involve companies that operate taxi cabs, 
railroads, highway trucks and automobile emergency services. A trucking 

company, for example; may use two-way radio to communicate with a truck 

driver on the highway to inform him of an unscheduled pickup or delivery. 

The truck driver in turn can use his radio to notify his company of a break- 

down or accident. 


Personal service covers the Amateur Radio Service which gives interested 
persons opportunities to engage in radio communications and experimenta- 
tion as a hobby. Also covered is the Citizens Radio Service. This is a radio 
communication service of fixed, land and mobile stations intended for use 
by citizens of the United States for private or personal radio communica- 
tions. This also includes radio control equipment such as radio controlled 
gates, garage doors, airplanes and boats, to name but a few. 


Disaster service provides the necessary communications in time of disaster 
or other incidents which involve disruption of regular communications 
facilities. When there is no disaster, or threat of one, these stations may 
communicate only with respect to drills and practice sessions and to conduct 
equipment tests. In time of emergency or disaster, they carry any communi- 
cations necessary to relief work, including personal matters. 
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Frequency Allocations 


The services so far discussed use various frequencies in the radio frequency 
spectrum. Public Safety, Industrial, and Land Transportation services are 
located in the band of frequencies from 25 to 50 MHz, 150 to 174 MHzand 
450 to 470 MHz. Marine and Aeronautical services are also allocated at 
different points along the spectrum. Some of the bands allocated to their 
services are from 3.15 to 3.20 MHz, 0.2 to .285 MHz, or from .325 to .415 
MHz, depending upon their use. 


Citizen radio services are allocated from 26.9 to 27.2 MHz and 462.5 to 
466.4 MHz. Amateur radio services, on the other hand, occupy a number 
of points along the frequency spectrum. Some of the amateur bands are 
3500 to 4000 kHz, 7000 to 7300 kHz and 144 to 148 MHz. Disaster com- 
munication systems operate from 1750 to 1800 kHz. 


The bandwidth assigned to two- stems may be as little as 6 kHz or 
as mu kHz. Two-way communications-systems-can be either ampti- 


tude modulated or frequency-modulated_Frequency modulation is the most 


popular type at present. 


nA 


The facsimile unit shown above is designed to produce “hard 
copy” from a television signal. 
Courtesy Alden Electronic and Impulse 
Recording Equipment Co., Inc. 


TWO-WAY COMMUNICATION EQUIPMENT 


A complete two-way communication system generally must have at least 
two transmitters and two receivers. These may operate on the same or 
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different frequencies. If they are on the same frequency, the transmissions 
must alternate. That is, to avoid interference, one transmitter must be off 
while the other is on. Some systems use TRANSCEIVERS, which have a 
transmitter and receiver built into the same unit. Some of the circuits may 
be shared by the transmitter and receiver sections. This is done by switches 
which change from “transmit” to “receive” operation. 


Most communications receivers use a superheterodyne circuit. In general, 
a communications receiver has more stages than the average broadcast 
receiver. This provides greater SENSITIVITY (the ability to receive 
weaker signals), and SELECTIVITY (the ability to distinguish between 
signals separated by only-a small frequency difference). They may have 
more than one r-f amplifier stage and several i-f amplifier stages. The circuits 
are also built to be very stable. By this we mean that they will remain tuned 
to a station regardless of supply voltage changes, mechanical vibrations, 
temperature changes, or other factors which could influence tuning. 


There are also some special circuits which appear in communications re- 
ceivers. One of the signals a communications receiver may have to receive 
is a continuous wave (CW) signal used to transmit Morse Code. The CW 
signal is an r-f carrier without any modulation. The r-f carrier is simply 
turned on and off by a telegraph key to produce a series of dots and dashes. 
Since the carrier is unmodulated, the detector in a broadcast receiver pro- 
duces no output when a CW signal is received. 


The AM receiver of Figure 13 includes a circuit to produce an output tone 
when an unmodulated or CW carrier is received. A special oscillator, called 
a BEAT FREQUENCY OSCILLATOR (BFO), is added to this circuit. 
This oscillator is tuned to a frequency about 1 kHz different from the inter- 
mediate frequency. When an unmodulated carrier is received, it is mixed in 
the second detector with the signal from the BFO. Because the i-f amplifier 
output is 1 kHz from the BFO output, a 1-kHz difference frequency is pro- 
duced. This frequency is audible when applied to a speaker. 


SECOND SPEAKER 
DETECTOR 


AND ANL PHONES 


R-F 
OSCILLATOR 


Figure 13 


Thus, in the receiver of Figure 13, a 1-kHz audio note is produced when- 
ever a dot or dash arrives. Since the BFO would produce a disturbing 1-kHz 
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note for voice or music broadcast, a special switch on the front panel en- 
ables us to turn the BFO on and off as desired. 


The receiver of Figure 13 also has an_automatic noise limiter (ANL) as a 


part of the second detector. This system automatically limits the detector 
output if static causes a sudden burst of energy. While such limiters produce 
some distortion, they are used quite often for voice reception. 


FACSIMILE SYSTEMS 


Perhaps one of the least known communications systems, yet one of the 
most useful, is the FACSIMILE SYSTEM. Facsimile is a communication 
system for the transmission of fixed images for reception in permanent 
form. By facsimile we are able to transmit and receive fixed images over 
electric wires or by r-f carrier between distant points. These fixed images 
may be pictures, weather maps or typewritten or printed texts, to name 
just a few. 


Figure 14 shows a basic facsimile transmitter. The picture, or other informa- 
tion to be transmitted, is wrapped around a cylinder. The cylinder is then 
rotated at a constant speed. As it rotates, it is moved back and forth along 
the shaft on which the drum is mounted. A strong light source is directed 
toward the revolving drum through a condenser lens and aperture. This 
beam is concentrated by the focus lens to illuminate a very small scanning 
area of the copy. Through a suitable pickup lens, the reflected light is then 
directed to the cathode of a photoelectric cell. 


PICTURE 
SCANNING LIGHT SPOT 


SCANNING DRUM 


SHAFT 


REFLECTED LIGHT BEAM ANTENNA 
PHOTOELECTRIC TUBE OR CELL 


CONDENSER 
LENS 


LIGHT SOURCE 


Figure 14 


As the drum turns, the scanning spot reflects light in proportion to the den- 
sity (darkness or lightness) of the illuminated area of the copy. These varia- 
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tions of reflected light cause the photoelectric cell to generate corresponding 
electric pulses. These pulses are applied to the input of a preamplifier, which 
feeds a transmitter. 


At the receiver, a recorder converts the signal variations to a reproduction 
of the picture being transmitted. This reproduction can be made in any 
one of several ways. 


One method of recording facsimile information is shown in Figure 15. A 
Sheet of light-sensitive paper is wrapped around a drum. This paper is 
scanned by a small spot of light. The brilliance of this light depends on the 
received signal. This light exposes the film. The recorder drum rotates and 
moves in step with the transmitter drum. After exposure, the light sensitive 
paper is developed by the usual photographic methods. 


PHOTOSENSITIVE d » RECEIVING DRUM RECORDING LAMP 
RECORDING FILM 4 


OBJECT LENS APERTURE 
PLATE 


ANTENNA \|/ 


RECEIVER 


Figure 15 


Like other radio communications systems, facsimile is also governed by 
a set of standards set forth by the FCC. 


In_a facsimile-system_that amplitude modulates a carrier, the maximum 
density or blackness of the subject copy generally corresponds to the maxi- 
mum carrier amplitudeIn_a facsimile-system that frequency modulates a 
carrier,_the_highest _transmitted frequency generally corresponds to the 


mum blackness of the subject copy. These systems, known as negative 


modulation, are illustrated in Figure 16. 
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Figure 16 


Facsimile may be found in newspaper offices, police stations, weather bu- 
reaus and telegraph offices, to name a few. In many instances, facsimile 
is not sent by an r-f carrier wave. Instead, a direct wire much like the tele- 
phone is employed. 


RADAR SYSTEMS 


The word RADAR is derived from the phrase RAdio Detection And Rang- 
in adar systems enable us to use radio waves to determine the direction 
and distance of an object from a transmitting station. 


In a radar system, high power r-f energy, usuall in th f 
to 30,000 MHz, is transmitted from a directional antenna in a narrow beam. 


When the r-f energy strikes an object in the beam path, a small amount of 
the energy is reflected back to the same antenna or to a separate receiving 
antenna. Thus, the principle is very much like that of an echo returning to 
the source of sound. 


A receiver detects the reflected energy and compares it with a sample of the 
original transmission to determine certain facts about the object, such as 
its direction and distance. 


To better understand the basic radar system, it is important to study the 
various stages which make up the system, as shown in Figure 17. This sys- 
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tem is divided into six blocks; the pulse timer, the pulse modulator, the 
transmitter, transmit-receive (T-R) switch, receiver and crt indicator. 


Bye TRANSMITTER ay 
MODULATOR SWITCH 
cay RECEIVER 
INDICATOR 


\VANTENNA 


Figure 17 


The pulse timer produces pulses at a fixed rate. These pulses are applied to 
bo modulator and crt indicator. This synchronizes both ends 
of the system. The pulse modulator accepts the timing pulses.and shapes 
and amplifies the pulses. These pulses are then used to key the transmitter 
oscillator at the desired rate and for the proper time duration. 


Thus, the transmitter produces short bursts of r-f carrier energy at regularly 
spaced intervals. This particular system uses the same antenna for trans- 
mitting and receiving. The energy bursts are applied to the antenna, through 
the T-R switch, for radiation into space. When the radar transmitter is send- 
ing out a pulse of r-f energy, the T-R switch connects the transmitter to the 
antenna. During the intervals that the transmitter is off, the T-R switch 
connects the receiver to the antenna to pick up the echo. The antenna is 
highly directive and concentrates the transmitted r-f energy into a narrow 
beam. 


The same antenna receives the minute energy or echo reflected from any 
object in the path of the transmitted beam. This received signal reaches the 
receiver through the T-R switch. In the receiver, the r-f signal is converted 
to an i-f signal, demodulated and amplified. The output of the receiver is 
then applied to the cathode ray tube for a visual presentation. 


In the simplest radar system, the time between transmission and reception 
is shown by two peaks or pips rising up from a straight horizontal line. One 
pip is produced at the instant the signal is transmitted. The other pip is pro- 
duced when the echo returns. The distance between the two pips depends 
on the time between transmission and reception, which in turn depends on 
the distance to the reflecting object. If a scale calibrated in miles, yards 
or feet is attached to the crt, the distance can be read directly from the screen. 
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Since the energy is transmitted in a highly directional beam, the direction 
of the object is determined by the direction in which the antenna faces at 
the time of the transmission. 


SUMMARY 


One-way and two-way communications systems convey information over 
long distances. Standard AM broadcast radio is one method used to convey 
information by one-way transmission. The AM broadcast band includes 
frequencies from 535 to 1605 kHz. This type of communication is used to 
convey news and entertainment to the general public. 


FM broadcasting provides another means of one-way communications. This 
system operates in the radio frequency spectrum from 88 to 108 MHz, 
and the carrier is frequency modulated. This type of modulation eliminates 
many interference problems encountered in AM radio. 


Television broadcasting, also a one-way system, is the transmission and 
reception of sound and picture intelligence by means of radio waves traveling 
through space. Television operates in a range of frequencies from 54 to 88 
MHz, 174 to 216 MHz, and from 470 to 890 MHz. The picture intelligence 
amplitude modulates the picture carrier, whereas the sound intelligence 
frequency modulates the sound carrier. 


Radio telemetry systems enable us to make measurements at remote lo- 
cations. An r-f carrier wave is used to transmit this information. These 
measurements are then received, demodulated and reproduced at a more 
convenient location. Radio telemetry also uses multiplexing which allows 
us to transmit more bits of information using a single transmitter. Two types 
of multiplexing used in telemetry are time division and frequency division. 


Two-way communication differs from broadcast communication in that 
we are able to communicate back and forth between two points. Two-way 
systems use a number of frequencies depending on the use of the system. 
Some uses are in the areas of aeronautical, public safety, industrial radio, 
land transportation, marine, personal and disaster services. 


Another useful communication device is the facsimile system. This system 
allows us to transmit and receive fixed images by means of wires or an r-f 


carrier wave. Facsimile is transmitted through the air using frequencies 
between 88 and 108 MHz. This is made possible by transmitting facsimile 
during the time that the regular FM broadcasting is signed off the air. An- 
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The following Practice Exercise questions cover the subjects which you have 
just studied. They are: 


36. 


a7. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


@ 4. 


TWO-WAY COMMUNICATION SYSTEMS 
FREQUENCY ALLOCATIONS 

TWO-WAY COMMUNICATION EQUIPMENT 

FACSIMILE SYSTEMS 

RADAR SYSTEMS 


What are the seven general classes of services that use two-way communi- 
cations? 


Two bands in the frequency spectrum that are widely used for land, public 
and industrial two-way systems are 152 to 174 MHz and 450-470 MHz. 
True or False? 


The bandwidth of a two-way communication transmitter is usually be- 
tween (a) 6 to 50 kHz, (b) 60 to 500 kHz. 


The type of modulation which is most popular in two-way communication 
is (a) amplitude modulation, (b) frequency modulation. 


Why is a BFO required for reception of CW signals? 


Noise due to static can be reduced in a communications receiver by (a) a 
BFO, (b) an automatic noise limiter. 


A facsimile system is one which permits the transmission of fixed images 
so they can be received and reproduced in permanent form. True or False? 


What type of data can be sent over a facsimile system? 


In a facsimile receiver, the permanent reproduction is formed by a photo- 
cell. True or False? 


The purpose of a radar system is to determine the direction and distance 
of an object. True or False? 
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46. What range of frequencies is used for radar systems? 


47. In a radar system, the distance of an object can be determined from the 
direction in which the antenna faces at the time the energy is transmitted. 
True or False? 


(ce 
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other method is the transmission of facsimile along with the regular FM 
broadcast by multiplexing. 


Radar systems are used to detect and determine the direction and distance 
of objects from a radar transmitter. A radar station consisting of a trans- 
mitter and receiver may be located on land, aboard ship or aboard an air- 
plane. Radar systems operate in a range of frequencies from 1000 to 30,000 
MHz. 


Basically, the radar transmitter sends out a strong burst, or pulse, of r-f 
carrier energy using a highly directional antenna. Any object in the path of 
this r-f energy will reflect a small amount of the energy back to the radar 
antenna. This small amount of energy is detected by the same antenna or 
by a separate receiving antenna, and is then fed into a receiver. At the re- 
ceiver, the returned pulse is compared with that of a transmitted pulse to 
determine the distance of the object from the radar station. 
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IMPORTANT DEFINITIONS 


AMPLITUDE MODULATION (AM)—A type of modulation in which the 
amplitude of the carrier varies in accordance with the modulating signal. 


BLANKING PULSE—A pulse used to cut off the electron beam in television 
camera and picture tubes during the time when no picture is being 
formed. 


DEMODULATOR—A circuit or a stage of a radio receiver used to recover 
the modulating signal from a modulated carrier. Also called a DE- 
TECTOR. 


DETECTOR—See DEMODULATOR. 


DEVIATION—In an FM system, the amount an r-f carrier is varied above 
and below its center frequency. Also called FREQUENCY DEVI- 
ATION. 


DISCRIMINATOR—The detector circuit or stage of an FM receiver that 
converts frequency modulated signals into audio signals. 


FACSIMILE SYSTEM—A system used to transmit and receive fixed images, 
such as photographs, weather maps, and typewritten matter, between 
widely separated points by use of r-f carrier waves or electric wires. 


FREQUENCY MODULATION (FM)—A type of modulation in which the 
frequency of the carrier varies in accordance with the modulating signal. 


GUARD BAND—A narrow band of frequencies provided between adjacent 
carriers in certain portions of the spectrum to prevent interference 
between stations. 


HORIZONTALLY POLARIZED—Transmission of radio waves in such a 
way that the electric field of the wave is horizontal (parallel to the 
earth’s surface). 


INTELLIGENCE—The information conveyed by radio waves in communi- 
cations systems. 


INTERMEDIATE FREQUENCY (I-F)—The difference frequency obtained 
by heterodyning the local oscillator signal and incoming r-f signal in a 
superheterodyne receiver. 


LIMITER—An FM receiver stage which removes amplitude variations 
from the FM signal by cutting off all peaks exceeding a certain ampli- 
tude. 
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IMPORTANT DEFINITIONS (Continued) 


MODULATED STAGE—The r-f amplifier stage of a transmitter in which 
the intelligence signal modulates the radio frequency carrier wave. 


MODULATING SIGNAL—A signal which causes a variation of some 
characteristic of a carrier. 


MODULATOR—The final audio amplifier of a transmitter, which supplies 
the necessary audio power for modulation. 


MULTIPLEXING—The transmission of two or more signals using a com- 
mon Carrier wave or transmission line. 


RADAR—A contraction of the term RAdio Detecting And Ranging. The use 
of radio to determine the direction and range or distance of an object. 


RADIO SPECTRUM—A range of frequencies from 10 kilohertz to 30,000 
megahertz, used for various types of radio transmissions. 


SYNCHRONIZING PULSE—A pulse added to the video output signal of 
a television camera for the purpose of synchronizing television re- 
ceivers with the transmitter. 


TELEMETRY—A system of taking measurements at a remote location 
and reproducing the measurements at a more convenient location, to 
be displayed or recorded. 


TRANSCEIVER—A two-way communication radio combining both a trans- 
mitter and receiver in a single housing. 


VERTICALLY POLARIZED—Transmission of radio waves in such a way 
that the electric field of the wave is vertical or at right angles to the 
earth’s surface. 


VIDEO SIGNAL—That portion of a television signal which consists of the 
picture intelligence. 
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13. 


14. 


13, 


16. 


17. 


18. 


PRACTICE EXERCISE SOLUTIONS 


A system which permits an exchange of information between two points. 


. The maximum distance between the person speaking and the person 


listening is relatively short. 


. wires 


. Speech, music and picture intelligence are three of the most common 


types of intelligence transmitted by radio waves. Morse code, control 
signals and signals related to measured data are other examples. 


. False—The audio signals are combined with a radio frequency carrier, 


and the combined signal is then radiated into space. 


- The FCC regulates all wire and radio communications in the United 


States, its possessions and territories. This does not include communi- 
cations facilities operated by the federal government. 


. False—The standard broadcast band is from 535 to 1605 kHz which is 


in the Medium Frequency range. 


- (a) 10 kHz. 


. Amplitude modulation is a method of impressing low-frequency signals 


on a high-frequency carrier so that the amplitude of the carrier varies 
according to the changes in amplitude of the low-frequency signal. 


. Vertically 
. The superheterodyne receiver. 


- You change the resonant frequency of those circuits. This, in turn, de- 


termines which carrier frequency is passed on to the rest of the receiver. 
(b) i-f signal. 


False—The demodulator changes the i-f signal to an audio frequency 
signal. 


Noise interference can be greatly reduced with this system. 
88 MHz to 108 MHz. 
+75 kHz for a total swing of 150 kHz. 


horizontally 
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19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Si. 


32. 


33. 


34. 


35. 


36. 


37. 


(b) the physical construction of the transmitting antenna. 

Most noise signals cause amplitude modulation of a transmitted wave, 
and thus are detected right along with the desired signals in an AM sys- 
tem. In FM, the intelligence is in the form of frequency variations, and 
any amplitude variations can be removed by a limiter to reduce inter- 
ference. 


False—The FCC allocates TV broadcast channels in both the VHF and 
UHF bands. 


(b) 174 to 216 MHz. 

6 MHz. 

(a) amplitude modulated. 

(b) frequency modulated. 

4.5 MHz. 

The sync and blanking pulses make it possible to lock the picture formed 
on the TV receiver screen in step with the picture produced in the camera 


tube. 


True—The picture or video section compares to an AM broadcast station. 
The sound section compares to an FM broadcast station. 


A system of making measurements from a distance. 

True 

216 to 220 MHz, 1435 to 1535 MHz, and 2200 to 2300 MHz. 

False—The maximum deviation is +125 kHz for a total swing of 250 kHz. 


The purpose of multiplexing is to transmit more than one type of informa- 
tion with one transmitter. 


(a) frequency division multiplexing. 
(b) time division multiplexing. 


Marine, Aeronautical, Public Safety, Industrial, Land Transportation, 
Personal and Disaster communications. 


True 
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TITUTE OF TECHNOLOGY 
De VRY INSTI 7450A 


4141 BELMONT AVENUE, CHICAGO, ILLINOIS 60641 
=== ONE OF THE EXAMINATION 


Bette Howert ScHoo.s CHECK SHEET 


1. A - THE MOST COMMON INTERMEDIATE FREQUENCY USED IN AM BROADCAST SUPERHET - 
ERODYNE RECEIVERS IS -- 455 kHz. 

The figure of 455 kHz is a compromise between having the intermediate frequency low enough to provide 
high gain and high enough to eliminate interference. 


2. D- THE TYPE OF MODULATION IN TV SIGNALS IS -- AMPLITUDE MODULATION FOR VIDEO 
AND FREQUENCY MODULATION FOR SOUND. 

The Federal Communications Commission requires that the forms of modulation be AM for the video and 
FM for the sound signals, 


3. <A - NOISE DUE TO ELECTRICAL INTERFERENCE IS GREATLY REDUCED IN AN FM RECEIVER 
BY -- A LIMITER. 

Electrical interference is generally in the form of amplitude modulation and the limiter stage removes 
all amplitude variations from the signal. 


4, B-TV CHANNEL 4 COVERS A RANGE OF -- 66-72 MHz, 
Each TV channel is 6 MHz wide. Since Channel 2 starts at 54 MHz ( 54-60 MHz), Channel 3 covers a 
range of 60-66 MHz and Channel 4 covers a range of 66-72 MHz. 


5. A - WHAT IS THE LOCAL OSCILLATOR FREQUENCY IN AN FM BROADCAST RECEIVER WHEN 
IT IS TUNED TO 103.5 MHz? ( ASSUME THAT THE LOCAL OSCILLATOR IS OPERATING ABOVE THE 
DESIRED SIGNAL AND THE STANDARD FM INTERMEDIATE FREQUENCY IS EMPLOYED.) -- 114.2 
MHz. 

The local oscillator should operate 10.7 MHz above 103.5 MHz, or 114.2 MHz. 


6. C-IN RADIO TELEMETRY, MORE THAN ONE CHANNEL OF INFORMATION CAN BE TRANS- 
MITTED USING A COMMON CARRIER FREQUENCY BY USING A PROCESS CALLED -- MULTI- 
PLEXING. 

Either frequency division or time division multiplexing may be used. 


7. B-TWO-WAY POLICE COMMUNICATIONS IS CLASSIFIED AS -- PUBLIC SAFETY SERVICE. 
Police, fire department and like services fall under the classification of Public Safety service. 


8. D-A TWO-WAY COMMUNICATIONS UNIT WHICH CONSISTS OF BOTH A RADIO TRANSMITTER 
AND RECEIVER IS CALLED A -- TRANSCEIVER. 

Although a transceiver may consist of a separate transmitter and receiver, many transceivers share 
common circuits between the receiver and transmitter resistors. 


9. A- THE LIGHT REFLECTED FROM THE REVOLVING DRUM OF A FACSIMILE TRANSMITTER IS 
PICKED UP BY A -- PHOTOELECTRIC CELL. 
The photoelectric cell converts the light variations into an electric signal, 


10. C - WHEN A RADAR TRANSMITTER IS SENDING OUT A PULSE OF R-F ENERGY, THE T-R 


SWITCH CONNECTS THE TRANSMITTER TO THE -- ANTENNA. 
During the "'listen'' period, the T-R switch connects the receiver to the antenna. 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A foot is equal to 


—_—————$+ -—_ 


LESSON CODE A = (A) 12 inches. (B) 36 inches. (C) 6 inches. (D) 24 inches. 
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The most common intermediate frequency used in AM broadcast superheterodyne 
receivers is 
(A) 455 kHz. (B) 535 kHz. (C) 10 kHz. (D) 1605 kHz. 


The type of modulation in TV signals is 

(A) amplitude modulation for both video and sound. (B) amplitude modulation for 
sound and frequency modulation for video. (C) frequency modulation for video and 
sound. (D) amplitude modulation for video and frequency modulation for sound. 


Noise due to electrical interference is greatly reduced in an FM receiver by 
(A) a limiter. (B) a discriminator. (C) an audio amplifier. (D) an r-f amplifier. 


TV channel 4 covers a range of 
(A) 54-60 MHz. (B) 66-72 MHz. (C) 60-66 MHz. (D) 72-78 MHz. 


What is the local oscillator frequency in an FM broadcast receiver when it is tuned to 
103.5 MHz? (Assume that the local oscillator is operating above the desired signal 
and the standard FM intermediate frequency is employed.) 

(A) 114.2 MHz. (B) 103.955 MHz. (C) 92.8 MHz. (D) 103.045 MHz. 


In radio telemetry, more than one channel of information can be transmitted using a 
common carrier frequency by using a process called 
(A) modulation. (B) heterodyning. (C) multiplexing. (D) beating. 


Two-way police communications is classified as 
(A) Aeronautical service. (B) Public Safety service. (C) Industrial Radio service. 
(D) Land Transportation service. 


A two-way communications unit which consists of both a radio transmitter and re- 


ceiver is called a 


(A) modulator. (B) television receiver. (C) local oscillator. (D) transceiver. 


The light reflected from the revolving drum of a facsimile transmitter is picked up bya 
(A) photoelectric cell. (B) preamplifier. (C) transmitter. (D) cathode ray tube. 


When a radar transmitter is sending out a pulse of r-f energy, the T-R switch connects 
the transmitter to the 
(A) receiver. (B) cathode ray tube. (C) antenna. (D) pulse timer. 
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38. 


39: 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


(a) 6 to 50 kHz. 

(b) frequency modulation. 

To make the signal audible-—CW is an unmodulated carrier, and thus 
produces no sound from the speaker or headphones. A BFO produces a 
signal that beats with the i-f signal to produce an audible signal. 

(b) an automatic noise limiter. 


True 


A facsimile system can be used to send printed copy, pictures, maps or 
any other printed information. 


False—The image is formed on a light-sensitive-paper by the variations 
of light from a recording lamp. 


True 
Approximately 1000 to 30,000 megahertz. 


False—The distance is determined from the interval between the time the 
pulse is transmitted and the time the echo returns. 
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errors in grading. 


Indicate your answer on this sheet by filling in the box for the most correct answer 
to each question, as illustrated in the example below. 


When all questions have been answered, place the answer card in the proper posi- 
tion to line up the boxes on the card with the boxes on the sheet. 


Next, copy the complete lesson code into the space provided on the card, and fill 
in the answer boxes to correspond with those previously filled in on this sheet. 


Before mailing, be certain your correct student number, name and address appear 
on the card. 


Example: A foot is equal to 


LESSON CODE A = (A) 12 inches. (B) 36 inches. (C) 6 inches. (D) 24 inches. 


i) 
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The most common intermediate frequency used in AM broadcast superheterodyne 
receivers is 
(A) 455 kHz. (B) 535 kHz. (C) 10 kHz. (D) 1605 kHz. 


The type of modulation in TV signals is 

(A) amplitude modulation for both video and sound. (B) amplitude modulation for 
sound and frequency modulation for video. (C) frequency modulation for video and 
sound. (D) amplitude modulation for video and frequency modulation for sound. 


Noise due to electrical interference is greatly reduced in an FM receiver by 
(A) a limiter. (B) a discriminator. (C) an audio amplifier. (D) an r-f amplifier. 


TV channel 4 covers a range of 
(A) 54-60 MHz. (B) 66-72 MHz. (C) 60-66 MHz. (D) 72-78 MHz. 


What is the local oscillator frequency in an FM broadcast receiver when it is tuned to 
103.5 MHz? (Assume that the local oscillator is operating above the desired signal 
and the standard FM intermediate frequency is employed.) 

(A) 114.2 MHz. (B) 103.955 MHz. (C) 92.8 MHz. (D) 103.045 MHz. 


In radio telemetry, more than one channel of information can be transmitted using a 
common carrier frequency by using a process called : 
(A) modulation. (B) heterodyning. (C) multiplexing. (D) beating. 


Two-way police communications is classified as 
(A) Aeronautical service. (B) Public Safety service. (C) Industrial Radio service. 
(D) Land Transportation service. 


A two-way communications unit which consists of both a radio transmitter and re- 
ceiver is called a 
(A) modulator. (B) television receiver. (C) local oscillator. (D) transceiver. 


The light reflected from the revolving drum of a facsimile transmitter is picked up by a 
(A) photoelectric cell. (B) preamplifier. (C) transmitter. (D) cathode ray tube. 


When a radar transmitter is sending out a pulse of r-f energy, the T-R switch connects 
the transmitter to the 
(A) receiver. (B) cathode ray tube. (C) antenna. (D) pulse timer. 
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UNIT EXAMINATION FOR 
COURSE 74 


This examination contains a number of different type questions: multiple choice, true or false, 
fill in the blank and direct question. To assist us in grading, please print your answers clearly on 
the answer sheet. COMPLETE THE PORTION STATING YOUR NAME, ADDRESS AND 
STUDENT NUMBER ON THE ANSWER SHEET AND SEND ONLY THE ANSWER SHEET 
FOR GRADING. Retain the examination questions for your records. 
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UNIT EXAMINATION QUESTIONS 74 


1. What is the voltage gain of the operational amplifier shown below? The 


open-loop gain is sufficiently high. 
geet 
ae H7KtLLK AAS 
ee) 
22k Ad 
ere A 
Ei Ley 
EIN St a [ " 2 
Ls ao 
= i 
oD 
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2. The differential amplifier has an output voltage when (A) the same 
positive voltages are applied to both inputs. ©: differential voltage 
signal is applied between the inputs. (C) the same negative voltages are 
applied to both inputs. 


3. Compared with equivalent discrete cigcuits, the number of transistors 
@ used in integrated circuits is usually more. (B) the same number. (C) 
less. 


4. A transistorized or IC cascode amplifier consists of a common- 
stage followed by a common-_A*** ____ stage. 


N 


. Integrated circuits have the advantage over discrete circuits in-having 
more closely matched components and thermal characteristics {Tr 
False? 


6. Perfect power supply regulation is (A) 100%. (B) 50%{() 0%. 


7. Load regulation permits the output voltage to change in accordance with 
input voltage variations. True or 


8. The two ee most commonly considered in regulated power 
supplies are ((A) output voltage and current. (B) input voltage and 
current. (C) input and output impedance. 


9. What are the two main classes of voltage regulators? genes 
S$ hunt 


10. Integrated circuits have many limitations and therefore may be used 
0) r very restricted applications in regulated power supplies. True or 
alse? 


r ) 11. What is the ,unit of measure of the intensity of a light source? 


bonds pwiev 


UNIT EXAMINATION QUESTIONS 74 


12; 


13: 


14. 
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16. 


18. 


19; 


20. 


Zt 


22n 


23s 


24. 


25: 


26. 


A significant feature of the photodiode, which enables its wide usage in 
many applications, is fast response time (True /or False? 


Why is the output current of a photo Darlington amplifier so much 


higher than the output current a a Reo Photo ransistor?. pase 
at [/epredli ; ry Brig at jyrrte A Atle lg 


What is the name applied to a combination of two photoelectric devices, 
one of which is a pe source aon the other a device that responds to the 
source? (atregl 


\ i 


Is forward or,reverse bias required to enable the LED to operate? 


ph f 


When an electric meter is connected in parallel with a component in a 
circuit, a new circuit is formed that consists of the electric meter’s 
power supply resistance and the component’s resistance. True 0 False? 


movement from being damaged by excessive current. or False? 


. The differential amplifier used in the DeVry TRVM Pare « the meter 


When the FUNCTION switch on the DeVry TRVM is placed in the AC 
position, an associated calibration control is placed in parallel with 
the meter movement. (B) series with the meter movement. 


The most common TRVM accessories are cable assemblies, probes and 
shunts/True)or False? 


A special type of electronic meter is the (A) galvanometer. (B) volt-ohm 
multimeter. igital multimeter. 


For greatest trace accuracy, the voltage between the vertical deflection 
plates should havea no-signal potential of (A) the deflection output stage 
supply voltage.(B) zero volts. (C) 100 volts de. 


For greatest trace accuracy, the vertical amplifier input impedance 
should be (A) very low. { (By very high. (C) medium. 


The horizontal sweep synchronization is always controlled by the output 
of the vertical amplifier. True or 


The aquadag crt coating in an oscilloscope is.maintained at a very high 
positive potential with respect to round ier False? 


Deflection factor is given in (A) scale divisions per volt. (B) vertical volts 
per horizontal drive volts volts per scale division. 


Rear projection displays use what type of light source? 
neg acon k 
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e 
t 


oF: 
Gas discharge displays use what type of light source? Ondyotion 


ea of fluorescent segment displays is basically orange. True or 
als 


Gallium Lae ie S are ano. in three colors. Name them. 
“Loy, 


What display device is utilized_for displaying large amounts of digital 
miionmanon?.< . » “Sry Pe 


31. A worn commutator an incorrect brush spring tension are two main 
causes of brush ripple or False? 

32. Torque is measured in foot-pounds. True or False? 

33. The field and armature cores are constructed of a stack of thin piecgs.ol 
sheet iron coated with insulating varnish to reduce eddy currents\True) 
or False? 

34. The power factor of an alternating current circuit may have any value 
between 0 and - True) or False? 

35. AC motors and generators usually operate with a power factor of less 
than one. (I rue or False? 

36. If a transformer has an impedance ratio of !/,;, the turns ratio is then (A) 
Yas. (B) "feos. CQ 1/s- (D) 450. 

37. In the circuit shown below, what value of load impedance, R,;, will result 
in maximum power transfer to the load? 

J Sree 
Rg=75N. 
Re 
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38. 


of 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


Referring to the shorted quarter wavelength transmission line shown 
below, as far as the source is concerned the transmission line appears as 
a (A) very low impedance. (B) series resonant cireut. (C) parallel 
resonant circuit. (D) reactive load. 


SHORT 


-—— % —— 


What is the standing wave ratio if a transmission line with a charac- 

teristic impedance of 750 is connected to a load impedance of 3000? 
ti | 

ee ee 


To find the percent of modulation, the modulation envelope patterns 
displayed on_an oscilloscope must always be measured in centimeters. 
True or, False? 


In high-level modulation, the r-f stages preceding the modulated stage 
are not necessarily operated as linear amplifiers. Tru or False? 


In an FM system, the total radiated power varies with the percent of 
modulation. True of False? _ 


In a superheterodyne receiver the (A) radio frequency is always the 
same XD intermediate frequency is always the same. 


In single sideband pecepuony ee carrier signa) is pe into the 


receiver by the Me ro 


The federal agency which regulates radio communications in the United 
States is called the : 


Two standard broadcast stations are never assigned the same frequency. 
True or Falsé? 


In television broadcasting, the sound signal is (A) amplitude modulated. 
(B) frequency modulated. 


The two general megs of multiplexing are FREQUENCY DIVISION 
FT Ope teal ae” 6.008 |, Sa a 
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UNIT EXAMINATION QUESTIONS 74 


49. Marine or Maritime radio communication services of U:S. registry 
betwee ship to ship do not need FCC licensing of their stations. True or 
False? 


50. Television broadeasting is an example of two-way radio communica- 
tions. True(or False? 
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Write your answers in the space provided. Be sure to include units, such as volts, wF, etc. where necessary. 
RETURN ONLY THE ANSWER SHEET FOR GRADING. Keep the exam for your records. 
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